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SUMMER COOLING IN THE WARM-AIR HEATING
RESEARCH RESIDENCE WITH COLD WATER
I. INTRODUCTION
1. Preliminary Statement.-This bulletin is a report of the results
of an investigation conducted under the terms of coiperative agree-
ments between the National Warm-Air Heating and Air Conditioning
Association, the American Society of Heating and Ventilating Engi-
neers, and the University of Illinois, providing for investigations of
warm-air furnaces and furnace systems, and of general problems in
heating, ventilating and air conditioning. The agreement with the
National Warm-Air Heating and Air Conditioning Association was
formally approved in August, 1918, and that with the American
Society of Heating and Ventilating Engineers in April, 1931.
The studies of summer cooling in the Research Residence con-
ducted during the seasons of 1932, 1933, and 1934 have been pub-
lished in Bulletin 290* of the Engineering Experiment Station. The
results obtained during the seasons of 1935 and 1936 are included in
this second bulletin.
The co6perating associations have been represented by Advisory
Committees, the personnel of which changes somewhat from year to
year. During the period of this investigation the National Warm-
Air Heating and Air Conditioning Association has been represented
by a Research Advisory Committee consisting of
F. G. SEDGWICK, Chairman, Waterman-Waterbury Company, Min-
neapolis, Minnesota.
R. G. GULICK, May-Fiebeger Company, Newark, Ohio.
C. M. LYMAN,t Honorary Member, New Hartford, New York.
F. L. MEYER, The Meyer Furnace Company, Peoria, Illinois.
C. W. NESSELL, Minneapolis-Honeywell Regulator Company, Day-
ton, Ohio.
I. W. ROWELL, Furblo Company, Hermansville, Michigan.
T. W. TORR, Rudy Furnace Company, Dowagiac, Michigan.
The American Society of Heating and Ventilating Engineers has
been represented by a Technical Advisory Committee on Refrigeration
in Relation to Air Treatment consisting of
M. K. FAHNESTOCK, Chairman, University of Illinois, Urbana,
Illinois.
*"Investigation of Summer Cooling in the Warm-Air Heating Research Residence," Univ.
of Ill. Eng. Exp. Sta. Bul. 290, January, 1937.
tDeceased, February 28, 1937.
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E. A. BRANDT, National Association of Ice Industries, Chicago,
Illinois.
JOHN EVERETTS, JR., Air and Refrigeration Corporation, New York
City.
ELLIOTT HARRINGTON, General Electric Company, Bloomfield, New
Jersey.
E. D. MILENER, American Gas Association, New York City.
K. W. MILLER, Utilities Research Commission, Chicago, Illinois.
E. B. NEWILL, Frigidaire Division, General Motors Corporation,
Dayton, Ohio.
F. G. SEDGWICK, Waterman-Waterbury Company, Minneapolis,
Minnesota.
J. H. WALKER, Detroit Edison Company, Detroit, Michigan.
It is the function of these committees to propose such problems
for investigation as are of the greatest interest to manufacturers and
engineers. Of these problems, the Engineering Experiment Station
Staff selects for study those which can best be investigated with the
facilities and equipment available at the University. The co6perating
associations provide funds for defraying a major part of the expense
of this research work. The studies in summer cooling were conducted
in the Research Residence in Urbana, Illinois. This Residence was
built, furnished, and completely equipped specifically for research
work in warm-air heating, by the National Warm-Air Heating and
Air Conditioning Association in December, 1924.
2. Objects and Scope of Investigation.-Since a study of summer
cooling under actual service conditions must necessarily be confined
to the summer season alone, the amount of work that can be com-
pleted during any one season is limited by the length and severity of
the season. Previous investigations in summer cooling in the Research
Residence during the summers of 1932, 1933, and 1934 made use
either of ice as the medium for cooling water which was circulated
through a coil placed in the forced-air heating system, or of a 2%-ton
mechanical refrigerating unit used in connection with an evaporator
coil placed in the forced-air heating system. These prior investigations
were confined largely to studies of certain factors affecting the cooling
load, and to studies of the effectiveness of different methods of cir-
culating air from the outdoors at night, both as a supplement to
artificial cooling during the day, and as a means for eliminating the
necessity for artificial cooling during the day.
This bulletin contains the results obtained during the summer
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seasons of 1935 and 1936. The investigation for the summer of 1935
was undertaken to determine to what extent water from the city water
mains, available at temperatures of from 58 to 60 deg. F., could be
used to produce satisfactory cooling and dehumidification in the Re-
search Residence when supplemented by the circulation of outdoor air
through the second story at night, and when approximately one air
change per hour of outdoor air was used for the purpose of ventilation
during the day. Since, in some localities, water is available at tem-
peratures lower than 58 deg. F., the investigation for the summer of
1936 was undertaken to determine similar operating characteristics
when water at temperatures of 52 deg. F. and 46 deg. F. was supplied
to the cooling coil.
3. Acknowledgments.-This investigation has been carried on as
a part of the work of the Engineering Experiment Station of the
University of Illinois and as a project of the Department of Mechan-
ical Engineering. The investigation was conducted under the general
administrative direction of DEAN M. L. ENGER, Director of the En-
gineering Experiment Station, and of PROFESSOR 0. A. LEUTWILER,
Head of the Department of Mechanical Engineering.
Acknowledgment is made to R. B. ENGDAHL, Research Graduate
Assistant, and to J. S. CUNNINGHAM, formerly Research Graduate
Assistant, for their services in conducting the tests and in the reduction
of the test data.
Acknowledgment is also made to the various organizations and
companies who contributed funds through the American Society of
Heating and Ventilating Engineers and the National Warm-Air
Heating and Air Conditioning Association, and to the manufacturers
who cooperated by furnishing instruments and equipment used in
the investigation.
II. DESCRIPTION OF PLANTS AND APPARATUS
4. Research Residence.-The Research Residence, shown in Fig. 1,
together with the forced-air heating system has been completely de-
scribed in Engineering Experiment Station Bulletins Nos. 189, 266,
and 290. For the purpose of this investigation the Residence was
equipped with awnings at all east, south, and west windows, and the
sun-room was isolated from the dining room. The entire third story
was regarded as an attic, and during the daytime was isolated from
the rest of the house by closing the door at the head of the stairs.
ILLINOIS ENGINEERING EXPERIMENT STATION
V.,
FiG. 1. WAuHM-AIR HEATING RESEARCH RESIDEN CE
The attic windows, however, were opened to provide ventilation in
the attic both day and night. With the exception of the space above
the northwest bedroom and the small spaces adjacent to the dormer
windows, the third story had hardwood floors laid on pine sub-flooring.
The small spaces adjacent to the dormer windows had no floors. In the
space above the northwest bedroom one inch of insulating blanket
was nailed to the upper edges of the floor joists. Hence, approximately
all second floor ceilings were at least equivalent to lath and plaster
with flooring above it. The roof consisted of copper shingles laid
on felt over wood sheathing. The wall section consisted of weather
boarding, building paper, sheathing, 6 in. studding, wood lath and
plaster with rough sand finish. The coefficient of heat transmission for
this wall section is 0.25* B.t.u. per sq. ft. per hr. per deg. F., at a
wind velocity of 15 mi. per hr. The walls were not insulated, and no
weather stripping was used on the windows and doors. The total
*American Society of Heating and Ventilating Engineer's Guide for 1938. Chapter 5, page
109, Wall No. 65a.
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space cooled consisted of three rooms and a breakfast nook on the
first story, and three bedrooms and a bath room on the second story,
together with the two inter-connecting halls, making in all approxi-
mately 14 170 cu. ft. A small amount of cooking was done in the
kitchen. Unless otherwise specified, the state of the Residence was
the same for the work done during the two summers.
5. Forced-Air System.-For the purpose of this investigation the
forced-air system used in the winter for heating the Residence was
utilized as the distributing system to deliver the cooled air to the
rooms and to return the warmed air through the cooling coil to the
suction side of the fan. This system has been described in detail in
Engineering Experiment Station Bulletins Nos. 266 and 290, and the
basement plan, showing the duct system as modified for summer
cooling, is given in Fig. 2. Under winter conditions the fan drew
the cool air from the rooms through one main and two auxiliary return
ducts and delivered it into the furnace casing. From the furnace
casing the warmed air passed into the distributing duct system and
was delivered into the different rooms through registers. For summer
cooling the system was modified by blocking the two auxiliary return
ducts and the delivery ducts leading to the sun-room and the third
story. It was also necessary to readjust the dampers in the distribu-
ting ducts in order to obtain a proper balance of the cooling required
on the two stories. During winter operation the fan delivered 1675
cu. ft. of air per min. Under summer conditions the fan drew warm
air from the rooms and delivered cooled air through the distributing
duct system and registers. Owing to the increased resistance of the
modified system, the capacity of the fan was somewhat reduced.
With one exception the registers on the delivery side of the system
were of the baseboard type. In the east bedroom a wall-type register
located 7 ft. above the floor was used during some of the tests.
6. Cooling Plant.-The arrangement of the cooling plant is shown
in Fig. 3. In order to provide for both heating in the winter and
cooling in the summer, the cooling coil was installed in a by-pass in
the central return duct. A complete description of the coil is pre-
sented in Section 7. For the summer work, the duct was blocked
with tightly-fitting dampers at B and C, and all of the air delivered
by the fan in the forced-air heating system passed through the cooling
coil when the air in the house was being recirculated. For the purpose
of providing outdoor air for cooling during the night, a slide damper,
E, was placed in the by-pass on the down-stream side of the coil,
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FIG. 3. DIAGRAM OF COOLING PLANT WITH WATER COOLING COIL
and a door, G, was placed in the recirculating duct on the down-stream
side of the slide damper. For a few of the earlier tests this door was
located as shown at F in Fig. 3, but its use was discontinued owing
to difficulties in measuring the air delivery from the fan. When out-
door air was required, the basement door and the door, G, in the
recirculating duct were opened, and the slide damper, E, was closed.
The fan in the forced-air system was driven by a V belt from a
%/ -horsepower motor and delivered approximately 1230 cu. ft. of air
per min. when recirculating the air in the house and 2220 cu. ft. per
min. when handling outdoor air at night. These air volumes were
based on an air density of 0.0749 lb. per cu. ft. Outdoor air, for the
purpose of ventilation during the day, was provided by means of the
duct shown as Detail A in Fig. 3. This duct contained a venturi
section for the measurement of the volume of air delivered, and it
was necessary to use a small auxiliary fan in order to deliver the
equivalent of approximately one air change per hour.
The operation of the cooling plant was controlled by means of a
thermostat located at the 60-in. level in the hall on the second story.
In the 1935 tests this thermostat was used in connection with a motor-
operated water valve placed on the outlet side of the cooling coil
to start and stop the flow of water through the coil. The valve was
either open or closed, and moved slowly enough to prevent any water
hammer.
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FIG. 4. AUXILIARY EQUIPMENT FOR MAINTAINING TEMPERATURE OF
WATER TO COOLING COIL
For the 1936 tests, in which the water was obtained from a source
of supply which was maintained at a predetermined temperature,
the thermostat was used in connection with a motor-operated water
circulator which was placed on the inlet side of the cooling coil and
which served to start and stop the flow of water through the coil.
The temperature of the water entering the coil was maintained at a
constant value by means of a three-way mixing valve located on
the inlet side of the water circulator. This valve served to proportion
and mix warm water received from the outlet of the cooling coil and
cold water received from a reservoir so that the temperature of the
water entering the cooling coil was maintained at a value of either
52 deg. F. or 46 deg. F. The operation of the three-way valve was
automatic, and was controlled by means of a regulating thermostat
placed in the water circuit on the outlet side of the water circulator, as
indicated in Fig. 4.
For the tests conducted in 1936, since water from the city water
mains was not available at temperatures of less than 58 deg. F. it was
necessary to provide a reservoir of water that was cooled to a prede-
termined tempperature slightly lower than the temperature of water
entering the cooling coil. The auxiliary equipment which was required
to maintain the desired temperature of the water at the inlet of the
cooling coil is shown in the right hand portion of Fig. 4. It may be
observed that the warm water which left the cooling coil was de-
livered into the top of the reservoir. From there it was drawn out
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by means of a centrifugal pump and was cooled by being passed
through heat exchangers. It was then returned to the reservoir,
from which the cold water supply to the cooling coil was obtained.
The heat exchangers consisted of two shell-and-tube type units in
which the warm water passed through the tubes and refrigerant was
circulated over the outside of the tubes. The refrigerant was supplied
from a self-contained condensing unit consisting of a double-pipe
condenser and a four-cylinder motor-driven compressor. This aux-
iliary equipment provided a very satisfactory means of obtaining the
desired quantity and temperature of water for the cooling coil, and was
an excellent substitute for a natural cold water supply.
7. Cooling Coil.-The cooling coil shown in Fig. 3 consisted of
eight rows of finned tubes and one row of tubes without fins. Each
row consisted of 12 tubes connected into headers or return bends at
the ends of the tubes. These headers were connected in such a way
that the water flowed across the duct through one row of twelve tubes
and returned through the next row, thus alternating through each
succeeding row of tubes. The water connections were made so that
the flow of the water was counter to the flow of the air, and the coldest
air came in contact with the tubes containing the coldest water. The
coil was arranged so that the air flowed horizontally. The water
passed through a calibrated water meter before entering the coil.
The tubes were % in. outside diameter and had 8 fins per inch.
The overall diameter including the fins was 1-(; in. As arranged
in the duct, the gross face section of the coil was 17%c,1 in. high and
351/2 in. wide, giving a gross face area of 4.33 sq. ft. The net face
area was 3.56 sq. ft., and the net free area was 1.76 sq. ft. The total
area of cooling surface, including the row without fins, was 429 sq. ft.
The selection of the cooling coil for the 1935 tests was based on the
following considerations. Previous tests* with a mechanical refriger-
ating unit in the Research Residence had indicated an actual maxi-
mum cooling load of approximately 30 000 B.t.u. per hr., of which
22 000 B.t.u. was sensible heat and 8000 B.t.u. was latent heat.
Since, in the case of cooling with water, no additional load corres-
ponding to the heat loss from the condensing unit and motor would
be imposed, it was considered that these figures could be reduced
approximately ten per cent, and a total cooling load of 27 000 B.t.u.
per hr. consisting of 20 000 B.t.u. sensible heat and 7000 B.t.u. latent
heat was assumed as a basis for the selection of the water coil. It
a"Investigation of Summer Cooling in the Warm-Air Heating Research Residence." Univ.
of Ill. Eng. Exp. Sta. Bul. 290, Chapter VI, January, 1937.
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was further considered desirable to operate the house under the
same conditions as before with a room temperature of 80 deg. F. dry-
bulb, and with the air leaving the registers at approximately 70 deg. F.
Since the temperature rise in the ducts between the coil and the
registers had been found to be approximately 4 deg. F., the air was
required to leave the coil at a temperature of 66 deg. F. The ad-
mission of one air change per hour from outdoors to serve as ven-
tilating air raised the temperature of the air entering the coil to
approximately 81 deg. F. The probable temperature drop through
the coil would therefore be 15 deg. F. From this temperature drop
and the 20 000 B.t.u. per hr., the amount of air to be circulated was
calculated as 5560 lb. per hr. or 1250 cu. ft. per min., based on an
air density of 0.0749 lb. per cu. ft. At a density of 0.0720 lb. per cu. ft.,
corresponding to the condition of the air entering the coil, the volume
was approximately 1300 cu. ft. per min. The latter volume was
used in computing the face velocity on which the selection of the
coil was based.
In the case of the 1935 tests, the temperature of the available
service water was approximately 60 deg. F., and a rise of 10 deg. F.
in the water passing through the coil was assumed. From this rise
and the total cooling load of 27 000 B.t.u. per hr., the probable water
requirement was determined as 324 gallons per hour.
From the manufacturer's catalog a stock coil unit was selected
such that with 1300 cu. ft. of air flowing per min. a net face velocity
of 365 ft. per min. would be obtained. With this unit the water
velocity was estimated as 0.56 ft. per sec., and, from the temperatures
of the entering and leaving air and water, the logarithmic mean
temperature difference was calculated as 8.26 deg. F. Following the
manufacturer's recommendation, the heat transmission was based on
the sensible heat alone. The overall heat transmission coefficient of
5.6 B.t.u. per sq. ft. per degree mean temperature difference per hr.,
corresponding to a water velocity of 0.56 ft. per sec. and an air
velocity of 365 ft. per min., was selected from the manufacturer's
published data. The sensible cooling load of 20 000 B.t.u. per hr.
required 433 sq. ft. of coil surface. This condition was approximately
satisfied by eight rows of tubes in the type of coil used, passing 360
gallons of water per hour. A further discussion of the factors affecting
the performance and selection of the cooling coil is given in Section 20.
For the cooling season of 1936, during which the tests were con-
ducted with water supplied to the coil at temperatures of approxi-
mately 52 deg. F. and 46 deg. F., some compromise based on consider-
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ations of the amount of water to be used and the resistance to the flow
of air, which are more fully discussed in Section 20, was necessary in
the selection of the coil. The use of the eight rows of cooling coil
previously employed would make possible the use of a small quantity
of water while the use of a lesser number of rows of coil would require
an unreasonably large quantity of water. For the latter case the
initial cost of the equipment would be lower than for the former
case, but the operating cost would be higher as a result of the less
economical use of the water. Since if a smaller coil were used, a
small reduction in the initial cost of the cooling equipment would
be offset over a period of years by the reduced annual operating cost
entailed by the use of a larger coil, it was considered advisable to
retain the same number of coil sections used in the tests with 58-deg. F.
water and to make suitable reductions in the quantity of water used.
Hence the tests for the season of 1936 were made with rates of water
flow of approximately 260 gallons per hour and 165 gallons per hour
with water temperatures of 52 deg. F. and 46 deg. F., respectively,
as compared with the 360 gallons per hour used in connection with
the 58-deg. F. water.
8. Instruments and Apparatus.- Wet- and dry-bulb temperatures
of the air entering and leaving the cooling coil were measured by
means of thermometers. Two pairs of these thermometers were placed
on each side of the coil, a pair near each side of the duct. The
thermometer bulbs were located about 5 in. from the sides of the
duct, and at about the middle of the height of the cross section. In
order to obtain supplementary data, two hair hygrometers were also
placed in the duct in the same cross sections as those in which the
thermometers were located. The temperatures of the water at inlet,
at outlet, and at intermediate points were measured by means of
thermometers, as shown in Fig. 3. The locations of thermometers and
thermocouples for measuring the temperature of air at other points
and the location of Pitot tubes for measuring the air quantities are
also shown in this figure.
The Research Residence is equipped with an extensive system
of copper-constantan thermocouples for the purpose of obtaining the
temperature of the air at different points in the forced-air system,
surface temperatures at different points in the structure, and any other
incidental temperatures for which thermocouples are particularly
adapted. The thermocouple leads are all brought to a constant tem-
perature box from which copper leads are run to a central switch
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East Bed Room
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FIG. 5. LOCATION OF REGISTER WITH RESPECT TO EXPOSED WALLS
system. A single cold junction immersed in melting ice is used, and
all thermocouples are calibrated under service conditions. The elec-
tromotive force is read by means of a precision potentiometer used
in connection with a sensitive suspension type of galvanometer
equipped with a mirror to reflect a beam of light. In each room a
standard located in the central axis of the room bears three mercury
thermometers, one placed four inches above the floor, one at the 5-ft.
level, and one four inches below the ceiling. In addition to the
thermocouples and thermometers, nine recording dry-bulb thermom-
eters were used for the studies in summer cooling. Other instruments
used included wet- and dry-bulb mercury thermometers, an aspiration
psychrometer, indicating and integrating wattmeters, platform scales,
and water meters.
9. Register Arrangement.-The study of baseboard and sidewall
registers was made in the east bedroom of the Research Residence.
This room was 13 ft. 6 in. by 20 ft., with an 8 ft. 4 in. ceiling, and had
three exposed walls, north, south, and east. It had one door, which
remained open during all of the tests.
The location and arrangement of the warm-air stack and registers
are shown in Figs. 5 and 17. The sidewall register was the same size
as the baseboard register, and was placed at the head of the extension
of the stack for the baseboard register in order to facilitate changes
from one position to the other. The same grille was used in both
locations. It consisted of horizontal louvers, one inch in width, which
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could be set at any angle from 0 degrees to 90 degrees with the
horizontal. In the latter case the louvers were completely closed.
When the sidewall register was in use, the baseboard outlet was sealed
with a flat plate placed with the inner face flush with the wall of the
stack. Similarly, when the baseboard register was in use, the stack
was sealed just above the baseboard outlet. Hence, in either case,
the stack was continuous and without offsets or projections.
III. TEST PROCEDURES
10. General.-During the summer continuous records were made,
by means of temperature recorders, of the following air temperatures:
outdoor, living room, dining room, kitchen, first-, second-, and third-
story halls, east bedroom, southwest bedroom, and northwest bedroom.
Continuous records were also made of the temperatures of the air
entering and leaving the cooling coil, the water entering and leaving
the cooling coil, the outdoor air taken in for ventilation and of the wet-
and dry-bulb temperature of the outdoor air on the north side of the
house. Wet- and dry-bulb temperatures of the air entering the cooling
coil, and other incidental air temperatures were read at regular inter-
vals. Relative humidities both indoors and outdoors were obtained by
means of an aspiration psychrometer. The outdoor wet- and dry-bulb
readings on this psychrometer served as a basis for correcting all
outdoor wet- and dry-bulb temperatures read from the recorder charts.
The volumes of air delivered by the fans and passing through
the cooling coil were computed from velocity traverses made by means
of Pitot tubes. The density of the air varied from day to day and
was not the same in different parts of the system. Any statement
of air volume without a statement of the accompanying density is
incomplete. Hence, in order to avoid the necessity for stating the
density each time that an air volume is mentioned, the statement of
all air volumes in this bulletin has been consistently made in terms
of the equivalent air volume at a temperature of 70 deg. F. and an
absolute pressure of 29.92 in. of mercury; i.e., at a standard density
of 0.0749 lb. per cu. ft. A statement of air quantities in terms of
weight of air is more satisfactory than one in terms of air volume.
However, this method has not been generally adopted in practice,
and all air quantities in this bulletin have been given in terms of air
volumes, with the addition of air weights in cases where such air
weights enter into the computation of heat quantities.
During all of the tests the windows on the first story remained
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closed. The windows in the attic, with the exception of one opposite
the door at the top of the stairs, remained open. For the purpose of
cooling with outdoor air at night, 11 windows on the second story
were opened by raising the lower sash to the full extent. Two windows
which were opposite registers and one window at the second-floor
stair landing remained closed.
11. Operation of Cooling Plant.-Unless otherwise stated the Resi-
dence was operated on the following schedule: The second-story win-
dows and the attic and basement doors were closed at 7:00 A.M. and
the dampers were changed so that the fan, which had been delivering
outdoor air through the system, started delivering recirculated air and
the outdoor air admitted for ventilation. The former was equivalent to
4.2 recirculations of the air in the house, and the latter was equivalent
to one air change per hour, making a total of 5.2 air changes per
hour delivered by the fan. The fan was allowed to run continuously.
When the temperature of the indoor air on the second story rose to
81 deg. F. the motor-driven valve, or the water circulator, actuated
by the room thermostat admitted or delivered cold water to the cooling
coil. The cooling plant was allowed to operate with thermostatic on
and off control maintaining 81 deg. F. on the second story until the
effective temperature* outdoors became equal to the effective tem-
perature on the second story indoors. The water circulation was then
stopped. The second-story windows and attic door were opened, the
dampers were set, and the basement door opened, so that the fan de-
livered outdoor air through the duct system. The fan continued to
run until 7:00 A.M. The fan delivery was 2220 cu. ft. per min. or 9.4
air changes per hour.
During the periods of operation, observations were made of the
weight of water circulated through the cooling coil, the temperature
of the water entering and leaving the coil, the weight of water con-
densed from the air, and the electrical input to the fan motor. The
weight of water circulated was obtained by means of a calibrated
water meter, and the air quantities were obtained from traverses made
with Pitot tubes at section D in the central return duct and at the
venturi section in the ventilating air duct, as shown in Fig. 3.
Throughout the period of all of these tests, the general observations
discussed in Section 10 were made, and the cooling plant was operated
in accordance with the schedules described in the following discussion
of the different test series.
*"How to Use the Effective Temperature Index and Comfort Charts," by C. P. Yaglou,
W. H. Carrier. E. V. Hill, F. C. Houghten, and J. H. Walker. Trans. A.S.H.V.E., Vol. 38,
1932, pp. 410-423. See also Engineering Experiment Station Bulletin 290, Appendix A.
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Series 1-35. Constant Dry-Bulb Temperature of 80 deg. F.,
58-deg. F. Water.
In the first series of tests made in 1935, which has been designated
as Series 1-35, the temperature of the water supplied to the cooling
coil was approximately 58 deg. F., and the quantity of water circu-
lated was 360 gallons per hour.
Series 1-36. Constant Dry-Bulb Temperature of 80 deg. F.,
52-deg. F. Water.
In the first series of tests made in 1936, which has been designated
as Series 1-36, the temperature of the water which was supplied to
the cooling coil was maintained at approximately 52 deg. F., and the
quantity of water circulated through the coil was regulated so that
the flow was 260 gallons per hour.
Series 2-36. Constant Dry-Bulb Temperature of 80 deg. F.,
46-deg. F. Water
For the second series of tests made in 1936, designated as Series
2-36, the water temperature was maintained at approximately 46
deg. F., and the quantity of water circulated was 165 gallons per hour.
Series 2-35. Effective Temperature Limited to a Maximum of
74 deg., 58-deg. F. Water
During the latter part of the 1935 season the schedule was modified
by maintaining an effective temperature of approximately 74 deg.
instead of a dry-bulb temperature of 80 deg. F. This was accomplished
by controlling the plant manually, and starting the flow of water
through the coil whenever the relative humidity increased sufficiently
so that, with the prevailing dry-bulb temperature, the effective tem-
perature rose above 74 deg. These tests were designated as Series
2-35 and were made with water supplied to the cooling coil at a
temperature of 58 deg. F. and at a rate of 360 gallons per hour.
12. Register Studies.-During all of the tests made in the study
of baseboard and sidewall registers, the cooling plant was operated
normally to maintain approximately 80 deg. F. at the 5 ft. level in the
rooms of the Residence. The total quantity of air delivered through
the register was, therefore, in each case practically the same. Obser-
vations were then made of the velocity and temperature of the air
leaving the register, and of the air temperature on the central axis
of the room 4 in. above the floor, 5 ft. above the floor, and 4 in. below
the ceiling. In addition, for some of the tests the air temperatures
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at two levels, 4 in. above the floor and 5 ft. above the floor, were
observed near all of the four corners of the room, as shown in Fig. 5.
For each register arrangement a large number of observations was
made, in order to include a wide range of outdoor temperatures.
IV. RESULTS OF TESTS
13. General Conditions.-The operating characteristics of the cool-
ing plant and a comparison of the actual and calculated cooling loads
for the house can best be illustrated by the results obtained on a
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TABLE 1
TYPICAL OPERATING DATA AND RESULTS OBTAINED BY COOLING WITH WATER AT
2:00 P.M. ON AUGUST 2, 1935, JULY 7, 1936, AND JULY 13, 1936
D ate ................ . . . . . . . . . . . . . . . . .
T est N o .. ....................... .....
Series .....................................
Outdoor air
D ry bulb, deg. F..........................
W et bulb, deg. F.........................
Dew point, deg. F........................
Relative humidity, per cent................
Specific humidity, grains per lb. dry air . . . .
Indoor air, average breathing level temperature
1st story, deg. F..........................
2nd story, deg. F.........................
Indoor air, house average at breathing level
Dry bulb, deg. F..........................
W et bulb, deg. F.........................
Dew point, deg. F........................
Relative humidity, per cent...............
Specific humidity, grains per lb. dry air . . . .
Indoor air, entering return grille
D ry bulb, deg. F..........................
W et bulb, deg. F.........................
D ew point, deg. F........................
Relative humidity, per cent................
Specific humidity, grains per lb. dry air . . . .
Ventilating air
D ry bulb, deg. F..........................
W et bulb, deg. F.........................
D ew point, deg. F........................
Relative humidity, per cent...............
Specific humidity, grains per lb. dry air . . . .
Mixed air, entering cooling coil
Dry bulb, deg. F..........................
W et bulb, deg. F.........................
Dew point, deg. F........................
Relative humidity, per cent................
Specific humidity, grains per lb. dry air . . . .
Mixed air, leaving cooling coil
D ry bulb, deg. F..........................
W et bulb, deg. F.........................
Dew point, deg. F........................
Relative humidity, per cent................
Specific humidity, grains per lb. dry air. . . . .
Air temperature drop through cooling coil, deg. F.
Average temperature of cooled air leaving
registers, deg. F..........................
Air temperature rise in ducts and casing, deg. F.
Basement air temperature at breathing level,
deg. F .................................
Quantity of air through wet coils
Cubic feet per minute.....................
Pounds per hour .........................
Density of air, lb. per cu. ft................
Number of house air recirculations per hour....
Ventilating air
Cubic feet per minute.....................
Pounds per hour.........................
Density of air, lb. per cu. ft................
8-2-35
13
1-35
95.0
78.6
72.5
48.5
120.8
79.1
80.5
79.8
70.9
67.2
65.0
99.8
77.7
69.8
66.2
67.5
96.8
91.6
76.2
70.1
49.5
111.0
80.3
70.7
66.5
62.8
97.5
65.8
64.7
64.1
94.0
89.7
14.5
70.2
4.4
75.2
1 233
5 547
0.0749
5.2
224
1 005
0.0749
7-7-36
12
1-36
103.8
75.8
63.8
27.8
88.4
79.4
81.6
80.3
67.6
61.0
51.8
80.8
78.9
66.3
59.5
51.5
76.2
97.8
72.8
61.0
30.0
80.7
81.0
67.1
59.8
47.7
77.0
64.0
60.8
58.9
83.3
74.1
17.0
67.7
3.7
74.0
1 231
5 540
0.0749
5.2
226
1 016
0.0749
7-13-36
18
2-36
103.8
76.8
65.7
29.5
96.2
79.5
80.8
80.1
67.4
61.0
52.0
80.5
78.8
66.8
60.5
53.3
78.5
99.0
71.4
57.6
25.6
71.0
81.4
66.6
58.7
45.2
73.8
63.9
60.0
57.7
79.9
71.0
17.5
67.7
3.8
74.2
1 231
5 540
0.0749
5.2
226
1 016
0.0749
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TABLE 1.-Concluded
TYPICAL OPERATING DATA AND RESULTS
18
19
20
21
22
23
24
25
26
27
28
29
30
Cooling coil
Gross face area, sq. ft.....................
Net free area, sq. ft.......................
Surface of coil, sq. ft................... . . .
Actual air velocity at coil entrance (density 0.072)
Gross face, ft. per min.....................
Net face, ft. per min.................... . .
Free area, ft. per min................... . . .
Moisture condensed from air, lb. per hr ........
Heat given up by air; total B.t.u. per hr..... ..
Heat due to moisture in air
B.t.u. per hour..................... .
Percentage of total heat.................
Sensible heat
B .t.u. per hour.........................
Percentage of total heat.................
Water temperature at cooling coil
Inlet, deg. F .............................
Outlet, deg. F............................
Mean, deg. F...........................
Rise in water temperature through coil, deg. F.
First row ................................
First four rows...........................
First six rows............................
Total coil, eight rows.....................
Water pressure at coil, lb. per sq. in.
Inlet ....................................
O utlet ..................................
Quantity of cooling water
Pounds per hour.........................
Gallons per hour.........................
Heat absorbed by water, B.t.u. per hour . . . . .
Recirculating fan speed, r.p.m................
Fan motor data
Horse power . . ......................
Power rate, watts ........................
Static pressure loss through coils
Coils wet, in. water.......................
Coils dry, in. water .......................
Total resistance of system
Coils wet, in. water.......................
Coils dry, in. water .......................
4.33
1.76
429
296
360
729
5.83
25 440
6 120
24.0
19 320
76.0
58.3
66.2
62.2
0.8
4.2
5.5
7.9
20.5
20.0
3 001
360
23 700
477
440
0.28
0.23
0.56
0.51
4.33
1.76
429
295
360
728
2.26
24 970
2 370
9.5
22 600
90.5
51.9
63.4
57.6
1.1
5.3
8.2
11.5
4.5
4.0
2 100
252
24 150
445
%4
440
0.28
0.23
0.56
0.51
typical day. For this purpose a test made on August 2, 1935 was
selected as typical of the operation obtained with water at a temper-
ature of 58 deg. F. (Series 1-35) and the results are shown in the first
column in Table 1 and in Fig. 6. The test made on July 7, 1936 was
selected as typical of the operation obtained with water at a tem-
perature of 52 deg. F. (Series 1-36) and the results are shown in the
second column of Table 1 and in Fig. 7. The results obtained from
the test made on July 13, 1936 with water at a temperature of 46
deg. F. (Series 2-36) are shown in the third column of Table 1.
General results from all the tests are given in Tables 2 and 3.
4.33
1.76
429
295
360
728
2.24
25 630
2 350
9.2
23 280
90.8
46.9
65.4
56.1
2.6
9.7
13.8
18.5
4.5
4.0
1 344
161
24 860
445
440
0.28
0.23
0.56
0.51
SUMMER COOLING OF RESIDENCE WITH COLD WATER
On the day which was selected as being typical for the tests made
under conditions of operation with 58-deg. F. cooling water (Series
1-35) the outdoor temperature was 95 deg. F. at 2:00 P.M. and reached
a maximum of 96 deg. F. at 2:30 P.M. At this time the house was
being operated with a constant dry-bulb temperature of approximately
80 deg. F., and the windows on the second story had been opened
and outdoor air circulated on the previous night. The air conditions
at different locations at 2:00 P.M. are given in items 4 to 14 of
Table 1. The dry-bulb temperature on the second story was only
1.4 deg. F. higher than that on the first, thus indicating a reasonably
satisfactory balance of the cooling on the two stories.
On the day which was selected as being typical for the tests made
with 52-deg. F. cooling water (Series 1-36) the outdoor temperature
was 103.8 deg. F. at 2:00 P.M. and reached a maximum of 104 deg. F.
at 3:00 P.M. At this time the house was being operated with a constant
dry-bulb temperature of approximately 80 deg. F. On the three days
preceding this test the outdoor air temperature had attained maximum
values of 100 deg. F., 102 deg. F., and 105 deg. F., respectively. During
the greater portion of the early morning hours of July 7, 1936, the
outdoor temperature was greater than 80 deg. F. and reached a
minimum value of 78.5 deg. F. at 5:00 A.M. Since the outdoor air
temperature was much greater than the indoor air temperature on the
night previous to the test the windows remained closed and no outdoor
air, other than the amount required for ventilation, was introduced
into the house during the night. The dry-bulb temperature on the
second story was 2.2 deg. F. higher than that on the first story,
indicating a slight unbalance in the cooling on the two stories. It was
found by plotting the data for all tests that this difference between
the average temperatures of the first- and second-story rooms was of
the order of only 1.4 deg. F. for a day in which the maximum outdoor
temperature was 95 deg. F., but increased to approximately 2.5 deg.
F. for a day in which the maximum outdoor temperature was 108
deg. F. This indicated that when the outdoor temperature was exces-
sively high the cooling requirement for the second story became a
relatively greater proportion of the total cooling requirement for both
stories. The slight unbalance in the cooling load on the two stories
during the few extremely hot days was not accompanied by any par-
ticular difficulties either in the conditions of operation or in the com-
fort maintained in the Residence,
As indicated by the values listed in column 3 of Table 1, the
indoor conditions that were maintained with the water entering the
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cooling coil at 46.9 deg. F. were practically identical with those
maintained when the temperature of the entering water was 51.9
deg. F. That is, in both of these series of tests, the indoor dry-bulb
temperature, the indoor relative humidity, and the indoor effective
temperature, respectively, were maintained at approximately the same
values, irrespective of the temperature of the water entering the coil.
The temperatures and quantities of the cool air leaving the registers
were not materially different in all three test series and hence the
average of the values obtained from the three series may be considered
as representative of those obtained from each of the series. The
temperature of the cooled air leaving the registers (item 12), averaged
for the three series, was approximately 68.5 deg. F. when water was
being circulated through the cooling coil. The rise in the temperature
of the air passing through the furnace casing and ducts (item 13),
averaged for the three series, was 4 deg. F. The quantity of air cir-
culated was 1302 cu. ft. per min. when the coil was dry. Increased
frictional resistance when condensation was present on the coil sur-
faces, however, decreased this amount to 1231 cu. ft. per min., stated
at a density of 0.0749 lb. per cu. ft. Since part of the coil surfaces
was always wet during actual operating periods, all calculations were
based on 1231 cu. ft. per min. (item 15) for the volume of air cir-
culated. The actual free area velocity (item 19) of 728 ft. per min.
did not prove to be sufficient to carry any condensed moisture away
from the surfaces of the cooling coil. With the weight of air actually
circulated, the velocity through the net face area was 360 ft. per min.
The temperature drop through the coil (item 11) was 14.5 deg. F. for
the 1935 series, and was 17 and 17.5 deg. F. for the 1936 series. These
values in the case of the 1935 series corresponded closely with the
365 ft. per min. and the 15 deg. F. drop used in the calculations for
the selection of the coil. In the case of the 1936 series the temperature
drops of 17 deg. F. and 17.5 deg. F. were greater than the calculated
15 deg. F. although the total heat transfer was practically the same
for all cases. This greater temperature drop undoubtedly resulted
from the fact that the latent heat load was lower during 1936 than
it was in 1935. Since the total heat transmission was practically the
same, the sensible heat was accordingly increased. With the same
weight of air flowing this increase in sensible heat absorbed was
necessarily accompanied by an increase in the temperature drop
through the coil.
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14. Cooling Load.-Since the cooling coil was well lagged with
corkboard to prevent heat gain, it was possible to obtain the actual
cooling load either from the heat given up by the mixture of air
and water vapor or from the heat absorbed by the water passing
through the coil. Considerable difficulty, however, was experienced
in obtaining a heat balance between these two quantities. It was
found, by making a complete traverse in the duct on both sides of
the coil, that both the wet- and dry-bulb temperatures varied from
point to point in the cross section of the duct. By comparing the
results of these traverses with the averages of the temperatures
obtained from the readings of the wet- and dry-bulb thermometers
at the two reading stations on each of the upstream and downstream
sides of the coil, a correction was obtained which was added to the
average reading on the upstream and downstream side. In addition
to these corrections it was found necessary to make a correction to
account for the radiation received by the wet-bulb thermometers. This
radiation correction was dependent on the difference between the
dry- and wet-bulb temperatures, and on the average was approxi-
mately 0.5 deg. F. By applying these corrections and using the cor-
rected values of the wet-bulb temperatures to determine the enthalpy
of the moist air entering and leaving the coil, it was possible to obtain
a heat balance between the air and water within approximately
5 to 8 per cent.
This method of calculation, however, does not show the distribution
between sensible and latent heat loads. This distribution was obtained,
as shown in item 21, Table 1, by using the corrected values for the
dry-bulb temperatures, and by multiplying the weighed amount of
condensation from the coil by a constant representing the heat given
up by the change in moisture content of the air per pound of water
vapor condensed. This latter included the latent heat and superheat
in the water vapor condensed, and the change in the superheat of the
water vapor remaining in the air after passing the cooling coil, and
amounted to 1050 B.t.u. per pound of vapor condensed. The total
of the heat given up by the air as computed by this method was
within 3 to 7 per cent of the calculated heat absorbed by the water.
For the purpose of analysis, and in the general results shown in
Tables 2 and 3, the cooling load calculated from the water circulated
through the coil, as shown in item 26, Table 1, was accepted as correct.
The latent heat load was calculated from the weighed amount of
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moisture condensed from the air, and the sensible heat load was
obtained by difference.
As shown in item 21, Table 1, the moisture load for the test made
on August 2, 1935 with 58-deg. F. water was 24 per cent of the total
load. It may also be observed from column 33, Table 2 that, for the
tests made during the season of 1935 in which the duration of the
test exceeded four hours, the moisture load varied from 20 to 31
per cent of the total load. On the other hand, the moisture load
(item 21, Table 1) for the tests made during the summer of 1936 was
slightly greater than 9 per cent of the total load. Also the data pre-
sented in column 33, Table 3 indicate that for the season of 1936 the
moisture load varied from 0 to 21 per cent of the total load. A more
detailed discussion of this ratio of the moisture load to the total load is
presented in Section 18.
15. Operating Characteristics at Constant Dry-Bulb Temperature
with 58-deg. F. Water.-The operating characteristics obtained with
58-deg. F. water and with a constant dry-bulb temperature of approxi-
mately 80 deg. F. maintained in the rooms, are shown in Fig. 6. On
this day the outdoor temperature rose to a maximum of 96 deg. F.
During the night before, when the second story windows were opened
and outdoor air was circulated, the indoor dry-bulb temperature
dropped to 78 deg. F., and remained at this value until 7:00 A.M.,
when the windows were closed and the dampers were changed to re-
circulate the air in the house. The dry-bulb temperature rose to
79 deg. F. at 8:50 A.M. at which time the thermostat opened the water
valve. The plant then operated intermittently until 11:20 A.M., and
continuously .from 11:20 A.M. to 9:30 P.M., maintaining the dry-bulb
temperature between 79 and 80 deg. F.
At 8:30 A.M. the wet-bulb temperature was 75 deg. F., correspond-
ing to a relative humidity of 80 per cent. When the plant started the
relative humidity dropped to 67 per cent, but rose again to 81 per
cent almost immediately after the water valve closed. This alternate
decrease and increase of relative humidity in the house was character-
istic of the intermittent operation of the plant. When the plant
operated continuously, however, as from 11:20 A.M. to 9:30 P.M.,
the relative humidity stabilized at between 63 and 66 per cent, rep-
resenting an effective temperature of approximately 75 deg. During
the intermittent periods the effective temperature was at times as
high as 77 deg. That is, on a warm day, when the plant operated
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continuously, conditions were just on the upper border line for com-
fort, but during the periods of intermittent operation the effective
temperature was distinctly too high for comfort. The significance
of this type of operation on a milder day will be referred to in Section
17, but conditions shown in Fig. 6 indicate that for 58-deg. F. service
water, with which it was not found possible to obtain a relative
humidity lower than 62 per cent, the dry-bulb temperature should
be maintained somewhat lower than 80 deg. F.
The calculated cooling load was computed by the method out-
lined in Appendix A. This calculated load was greater than the actual
load during the period from 11:15 A.M. to 6:40 P.M., rising to a maxi-
mum value of 35 100 B.t.u. per hr. at 4:00 P.M. as compared with an
actual load of 23 500 B.t.u. per hr. at the same time. After 6:40 P.M.
the calculated load became less than the actual load. This tendency
for the actual and calculated load curves to cross at approximately
6:30 P.M. was also noted on the previous work with ice cooling and
with the mechanical refrigerating unit.
During the periods of intermittent operation the actual cooling
load curve showed high peaks at the start of each operating period.
An explanation of this condition is offered in Section 18.
16. Operating Characteristics at Constant Dry-Bulb Temperature
with 52-deg. F. and 46-deg. F. Water.-As indicated in Section 13
and Table 1, the indoor conditions that were maintained with water
entering the cooling coil at temperatures of 52 deg. F. and 46 deg. F.
were practically identical. Hence the operating characteristics shown
for 52-deg. F. cooling water and with a constant dry-bulb temperature
in the rooms of approximately 80 deg. F., may be considered as
typical also of those tests made with 46-deg. F. water. These operating
characteristics are shown in Fig. 7, for a day on which the outdoor
temperature rose to a maximum of 104 deg. F. The house had re-
mained closed for several days previous to this test, and the cooling
plant had been operating intermittently to maintain a constant dry-
bulb temperature in the rooms both day and night. On this test the
plant operated intermittently from 2:50 A.M. to 7:20 A.M. and continu-
ously from 7:20 A.M. to 3:50 A.M., maintaining the dry-bulb tempera-
ture between 78 deg. F. and 81.5 deg. F.
At 5:35 A.M. after the water circulation had been stopped about
80 minutes, the wet-bulb temperature was 67.8 deg. F. corresponding
to a relative humidity of 59 per cent. When the water circulation
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FIG. 7. ACTUAL AND CALCULATED COOLING LOAD FOR RESIDENCE AND AIR
TEMPERATURES, TEST No. 12, SERIES 1-36, JULY 7, 1936
was started the relative humidity decreased to 56 per cent, but in-
creased again to 59 per cent almost immediately after the water
circulation was stopped.
When the plant operated continuously, as from 7:20 A.M. to 3:50
A.M., the relative humidity stabilized at between 50 and 55 per cent,
representing an effective temperature of approximately 74 deg. During
the period between 4:00 P.M. and 8:00 P.M. when the average indoor
dry-bulb temperature was approximately 81 deg. F., the relative
humidity in the house was 51 per cent and the corresponding effective
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temperature was 74.5 deg. In spite of the fact that on those very hot
days the capacity of the cooling plant was not quite sufficient to
prevent the indoor temperatures from exceeding 80 deg. F., particularly
on the second story, the effective temperature did not exceed 75 deg. at
any time. Hence the indoor conditions, both during the periods of
intermittent operation and during the periods of continuous operation
of the cooling plant, were on the upper border line for comfort and
could be regarded as entirely satisfactory.
From the top set of curves in Fig. 7 it may be observed that on
this day, in common with a number of other similar days occurring
during the summer of 1936, the effective temperature of the outdoor
air was always greater than the effective temperature of the indoor
air. Hence no cooling could be effected during the night by the in-
troduction of large quantities of outdoor air. However, this limitation
during the extremely hot portion of the summer did not preclude the
effective use of outdoor air at night during the greater portion of
the season when the maximum outdoor temperature did not exceed
approximately 100 deg. F.
A discussion of the actual and calculated cooling loads is presented
in Section 21.
17. Operating Characteristics with Effective Temperature Limited
to a Maximum of 74 deg. and with 58-deg. F. Water.-Figure 8 shows
the performance of the Residence on two mild days, during which
the operation of the plant was intermittent, and no long periods of
continuous running occurred. The left hand side shows the operation
on a day on which the outdoor temperature rose to a maximum of 87
deg. F. and a constant indoor dry-bulb temperature of approximately
80 deg. F. was maintained. Owing to the short operating periods, the
indoor relative humidity ranged from 68 to 80 per cent with cor-
responding indoor effective temperatures of from 76 to 77.5 deg. At
no time could the conditions be regarded as comfortable. A study
was therefore made on a similar day on which the maximum outdoor
temperature rose to 86 deg. F. and during which the plant was man-
ually controlled to maintain an indoor effective temperature not to
exceed 76 deg. The results of this study are shown in the right hand
side of Fig. 8. The second-story windows were closed at 7:00 A.M.,
and at 10:00 A.M. the indoor dry-bulb temperature was 75 deg. F.
and the relative humidity was 90 per cent, corresponding to an
effective temperature of 74 deg. The plant was then started and the
relative humidity decreased to 74 per cent, giving an effective tem-
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perature of 72 deg. at 11:00 A.M., at which time the plant was stopped.
Subsequent to this the plant was started manually whenever the
effective temperature approached 74 deg. with the prevailing dry-bulb
temperature and was stopped whenever the effective temperature
dropped to 73 deg. With this method of operation the indoor dry-bulb
temperature gradually increased to 77 deg. F., and the relative hu-
midity decreased to vary between 70 and 80 per cent during the
on- and off-periods of operation. By this means comparatively com-
fortable conditions were maintained in the house during the entire day.
The results of these studies indicate that it would be desirable
to develop a means of control operating directly on effective temper-
ature. With 58-deg. F. service water available, and with a constant
dry-bulb temperature of 80 deg. F. maintained, on days when the
maximum outdoor temperature rose above 90 deg. F. and the plant
operated continuously, a material improvement in atmospheric con-
ditions was effected that would be acceptable to the majority of users,
even though optimum conditions were not obtained. On mild days,
however, this could not be accomplished with a constant dry-bulb
temperature of 80 deg. F., but by setting the thermostat to maintain
approximately 76 deg. F. acceptable conditions could be maintained.
The results further indicated that 60 deg. F. is probably the upper
practical limit for the temperature of the available cooling water.
With higher initial water temperatures the amount of dehumidifi-
cation or reduction in indoor relative humidity would be very small.
Consequently, room temperatures considerably lower than 80 deg. F.
would have to be maintained and the amount of coil surface required
would be excessive.
18. Heat Transmission of Coil.-It was observed from Figs. 6 and
7 that during the periods of intermittent operation the actual cooling
load curve showed high peaks at the start of each operating period.
These peaks correlated with periods of high indoor relative humidity,
indicating that periods of high wet-bulb temperature for the air en-
tering the coil were accompanied by corresponding periods of com-
paratively high heat transmission for the coil. An explanation for
this correlation is offered by Fig. 9.
The upper curve in Fig. 9, derived from data obtained with 58-deg.
F. water, shows that the heat absorbed by the coil was practically a
linear function of the enthalpy of the entering air. C. J. Scanlan* has
shown this to be true for a different type of coil when the velocity
*"Performance of Extended Cooling Surfaces," by C. J. Scanlan, Refrigerating Engineering,
Vol. 27, No. 4, April 1934, pp. 197-199.
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FIG. 9. PERFORMANCE OF COOLING COIL
of the air and the mean temperature of the refrigerant in the coil
were maintained constant. The deviations of the points from the
mean curve shown in Fig. 9 can therefore be explained by variations
in mean water temperature, and in the weights of air and water
circulated under the conditions of the tests. The maximum deviation
shown, however, was only 6 per cent.
During these tests a constant indoor dry-bulb temperature was
maintained, resulting also in a practically constant dry-bulb temper-
ature for the air entering the coil. Hence, periods of high relative
humidity also represented periods of high wet-bulb temperature with
corresponding high enthalpy for the air entering the coil; and since
Fig. 9 shows that high heat transmission accompanied high enthalpy
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for the air entering the coil, it also serves to explain the fact that the
peaks in the load curve in Figs. 6 and 7 occurred at times corresponding
to high indoor relative humidity.
Although the same type of curve as that shown in Fig. 9 also
applies to the evaporator coil used in connection with the mechanical
refrigerating unit for the studies in the summer of 1934 reported in
Engineering Experiment Station Bulletin No. 290, this plant did not
show the high peaks in the load curve which were characteristic of
the water cooling plant. In the case of the evaporator coil the heat
transmission at the time of starting was limited by the amount of
refrigerant that could enter the coil. This refrigerant would tend to
superheat, thus increasing the temperature of the coil surface and
offsetting the tendency for the heat transmission to increase with an
increase in the wet-bulb temperature of the entering air.
In connection with this observed relationship between the heat
transmission and the wet-bulb temperature of the entering air it is
of interest to compare the typical results which were obtained from
the tests made in 1935 and 1936 as shown in Table 1. In 1935 the
indoor dry-bulb temperature was maintained at approximately 80
deg. F. for a day in which the maximum outdoor temperature was
96 deg. F., giving a temperature difference of 16 deg. F. The heat
absorbed by the 58-deg. F. water passing through the cooling coil
was 23 700 B.t.u. per hr. In 1936 the indoor dry-bulb temperature
was maintained at approximately 80 deg. F. on a day in which the
maximum outdoor temperature was 104 deg. F., giving a temperature
difference of 24 deg. F., and the heat absorbed by the 52-deg. F. water
passing through the cooling coil was 24 150 B.t.u. per hr. That is,
for an increase in temperature difference between the maximum out-
door temperature and the average indoor temperature of 8 deg. F.,
or 50 per cent, the increase in the rate of heat absorption by the
cooling coil was only 2 per cent.
This may be accounted for by the fact that in 1935 the relative
humidity of the air entering the cooling coil was 62.8 per cent, whereas
in 1936 the value was 47.7 per cent. If the air entering the cooling
coil had contained more moisture in 1936, with a correspondingly
higher wet-bulb temperature and enthalpy, then since the heat trans-
mission is practically a linear function of the enthalpy of the entering
air, a much greater rate of heat transmission would have been
obtained. This would probably have been sufficient to compensate
for the resulting increase in the latent heat load. The fact that the
absorption of sensible heat was only 19 per cent greater in 1936 than
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it was in 1935, while the increase in sensible heat load was 50 per cent,
makes it probable that the plant was overloaded in 1936. Further
evidence on this point is given by the fact that, as shown in Fig. 7, the
indoor temperature was increasing at 2:00 P.M., and continued to do
so up until 6:00 P.M. The total rise from 2:00 to 6:00 P.M., however,
was only approximately 1.5 deg. F. and had no appreciable influence
on the comfort conditions maintained. Thus the heat lag of the
structure, which is more completely discussed in Section 23, tended
to offset the influence of a higher outdoor temperature occurring in
1936, by preventing an abnormal rise in indoor temperature even
though the plant was not able to completely carry the load.
19. Humidity Conditions Maintained.-The curves in Fig. 10 show
that during periods of continuous operation, both in the case of the
water coil used in the studies made in 1935 and 1936 and in the case
of the mechanical refrigerating unit used in the study of 1934, the
indoor specific humidity maintained was dependent only on the
temperature of the medium used and the character of the cooling
coil, and was independent of the amount of water vapor in the out-
door air. Since in both cases a constant indoor dry-bulb temperature
SI'
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of 80 deg. F. was maintained, the specific humidity is also representa-
tive of the indoor relative humidity. That is, the water coil used in
1935, with a mean water temperature of approximately 62 deg. F.,
maintained a constant indoor relative humidity of 63 per cent during
periods of continuous operation, while the water coil used in 1936, with
a mean water temperature of 57.6 deg. F. and 55.5 deg. F. for inlet
water temperatures of 52 deg. F. and 46 deg. F., respectively, main-
tained a constant relative humidity of approximately 52 per cent
for both cases. The evaporator coil used in 1934, with a mean
temperature of approximately 45 deg. F. for the refrigerant, main-
tained a constant relative humidity of 45 per cent.
Possibly by coincidence the numerical value of the relative
humidity that was maintained in the house was nearly the same
as the numerical value of the mean coil temperature. Ordinarily for
small cooling installations, in which the selection of the size of the cool-
ing coil is governed by considerations based only on the maintenance
of some given value of the indoor dry-bulb temperature, the indoor
relative humidity accompanying this temperature is more or less
indeterminate. Unless special efforts are made either to dehumidify
the air by the use of additional equipment, or to reheat the air, di-
rectly or otherwise, the indoor relative humidity that will be obtained
cannot be maintained at any arbitrarily selected value. Over a limited
range of mean coil temperatures and under test conditions similar to
those maintained in the Research Residence, the suggested approxi-
mation may be of some value in determining the probable magnitude
of the indoor relative humidity in similar residence installations. On
the assumption that this relationship is sufficiently general until
proved otherwise, and with recognition of the fact that it might be
influenced by the depth of the coil, particularly if this depth is in-
sufficient, it might serve as an index for the selection of desirable coil
temperatures.
During periods of operation the ventilating air from outdoors was
mixed with the recirculated air from the house just before entering
the cooling coil. The moisture content of the outdoor air therefore
directly influenced that of the mixed air entering the coil. In the tests
reported in 1935, as shown in the lower curves of Fig. 9, it was indi-
cated that the enthalpy of the entering air increased as the specific
humidity increased, resulting in an increase in the heat transmission
for the coil. At the same time the specific humidity of the air leaving
the coil increased, but not to as great an extent as that of the inlet air.
This indicated that a part, if not all, of the increase in heat trans-
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mission resulted from the increase in the amount of condensation oc-
curring coincident with the increase in the specific humidity of the
outdoor air, and hence with that of the air entering the coil. Thus the
increasing heat transmission of the coil tended to compensate for in-
creases in the outdoor specific humidity, and, as a result, also tended
to maintain a constant indoor relative humidity during periods of
continuous operation, as shown in Figs. 6 and 7.
The maintenance of a practically constant indoor relative hu-
midity accompanying rather wide variation in the outdoor humidity
conditions would imply that the proportion of the total cooling load
that could be attributed to the process of dehumidification would in-
crease as the outdoor humidity increased. The curves presented in
Fig. 11 indicate that such was the case. It may be observed from the
results obtained in the 1936 tests that the ratio of the moisture load
to the total load increased from approximately 0.05 to 0.22 when the
outdoor specific humidity increased from 80 grains to 100 grains
per lb. of air. A similar increase may be observed for the tests made
in 1935, although both the lowest value and the total range of the
outdoor specific humidity were definitely greater in that year, indi-
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eating a much wetter season than that for 1936. From extrapolation
of the curve for 1936 in Fig. 11, it is evident that had the 1936
season been characterized by as much moisture in the outdoor air as
was the case for the 1935 season, the ratios would have been equal
to or greater than those obtained in the 1935 tests. Therefore, it is
apparent that the relative magnitude of the load resulting from the
moisture condensed was dependent not only on the mean coil tempera-
ture used but also on the amount of moisture contained in the outdoor
air. Furthermore, since the extrapolated portion of the curve for 1936
would lie above the curve for 1935, it seems probable that the in-
creased heat transfer, resulting from the lower mean coil temperature
and the increased enthalpy of the entering air, would have made it
possible to have maintained a lower indoor relative humidity in 1936
than was maintained in 1935, even if the 1936 season had been as
damp as the one for 1935.
20. Characteristics of Cooling Coil.-In selecting the cooling coil
required to absorb the maximum cooling load on the Research Resi-
dence, it was found that there was considerable latitude in the choice,
provided no restrictions were placed on the amount of cooling water or
the amount of coil surface used. The cooling load was estimated as
20 000 B.t.u. per hr. sensible heat, and 7000 B.t.u. per hr. latent heat.
With 80 deg. F. maintained in the rooms, the restriction of 70 deg. F.
for the temperature of the air leaving the registers, together with the
known rise of 4 deg. F. in the duct system, determined that the
temperature drop of the air passing through the coil should be 15 deg.
F., or from 81 deg. F. to 66 deg. F. This drop in temperature, together
with the sensible heat load, limited the air requirement to 1300 cu.
ft. per min., as discussed in Section 7. A net face velocity of 365 ft.
per min. permitted the use of an air duct of reasonable dimensions,
and thus fixed the face area of the coil. The freedom of choice then
proved to be in the amount of coil surface, or the number of rows of
tubes in the coil to be used.
The curves in Fig. 12 based on an inlet water temperature of 60
deg. F. were computed from the data furnished by the manufacturer
of the coil. Similar curves would be obtained for any other specified
inlet water temperature. The curves indicate that the required
temperature drop in the air could be obtained either by the use of
a large amount of cooling water with a small amount of coil surface,
or by a small amount of water in connection with a large amount
of coil surface. Furthermore, the resistance to the flow of air would
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increase rapidly as the amount of surface, or number of rows of tubes,
increased. In addition to the possible limit imposed on the air delivery
by the higher resistance, the use of a large amount of surface has the
further disadvantage of high first cost. On the other hand, the use
of a small amount of coil surface has the disadvantage of high oper-
ating cost due to the amount of water used. Under these conditions
a compromise is necessary. In the case of the Research Residence
this was effected by selecting a coil having 8 rows of tubes. As shown
by the water rate curve in Fig. 12, this determined a water rate such
that a decrease of one or two rows in the coil would have resulted in a
marked increase in water consumption, while an increase of one or two
rows would not have resulted in an appreciable decrease in water
consumption.
The resistance offered by the coil itself to the flow of water was
only 0.5 lb. per sq. in. as shown in item 24 of Table 1. However, in
the case of the tests made in 1935, the drop in pressure from the city
main to the entrance of the coil was approximately 35 lb. per sq. in.
through the %-in. line from the main to the coil. This loss in pressure
may in some cases be the limiting factor in determining the amount
of water available for cooling purposes.
The estimated resistance to flow of air of the 8-row coil was 0.29
in. of water, and this was regarded as the upper limit for the system
under consideration. Under normal conditions of winter operation, the
total resistance of the system, including friction and shock losses, was
0.18 in. of water, and the fan as installed delivered 1675 cu. ft. of air
per min. For the summer work, however, in order to facilitate testing,
particularly in connection with the measurement of the quantity of air
delivered, the cooling coil was located in a by-pass in the main return
air duct, and the two auxiliary returns were blocked, thus causing all
of the return air to pass through the coil and the single main return
duct. In addition, the delivery ducts to the sun-room and third story
were blocked, and it was necessary to readjust the dampers in the
remaining delivery ducts in order to balance the cooling on the first
and second stories. These changes had the effect of increasing the
total resistance of the system without the coil to a value of 0.28 in.
of water with 1302 cu. ft. of air flowing per min. As shown in item 29,
Table 1, the measured resistance of the dry coil with this amount of
air flowing was 0.23 in. of water. The latter was greater than the
total resistance of the system during winter operation, and was compa-
rable with that of the entire system without the coil in the case of
summer operation. The total resistance of the system with the coil
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in place was 0.51 in. of water. Under these conditions it was found
necessary to install a larger fan for the summer work.
When the surface of the coil became wet with water condensed
from the air, the measured resistance of the coil alone increased from
0.23 in. of water to 0.28 in. of water, or 22 per cent. With the speed
of the fan maintained constant, the increase in resistance resulting
from the collection of moisture on the coil surfaces was sufficient to
cause variations in the amount of air flowing depending on the amount
of surface wetted. The amount of air delivered through the dry coil
was 1302 cu. ft. per min., and with maximum condensation occurring
it was 1233 cu. ft. per min., or a reduction of 5.3 per cent.
If the cooling coil had been located in the return duct just above
the fan inlet without further changes in the winter system, it is pos-
sible that the total resistance would have been increased to only 0.41
in. of water instead of to 0.51 in. of water. Even this, however, is
more than double the normal resistance for winter operation, and it
is doubtful whether the fan used for winter operation could have been
retained. In all cases in which a cooling coil is to be used the re-
sistance of the coil and the possibility of the need for a larger fan for
summer cooling than for winter heating should be given careful con-
sideration in the design of forced-air systems that are to be used for
both summer cooling and winter heating.
21. Calculated Cooling Load.-The total cooling load imposed on a
cooling plant consists of the sum of all heat gains by the structure re-
sulting from indoor-outdoor temperature differences and sun effects
on walls and windows, and of all other heat quantities introduced by
air inleakage and heat given up by the occupants and by mechanical
or electrical processes. These heat quantities may be itemized as
follows:
Item No. Heat Source
1 Heat transmission through walls not exposed to sun
2 Heat transmission through walls exposed to sun
3 Heat transmission through windows and doors not exposed to sun
4 Heat transmission through windows exposed to sun
5 Heat transmission through ceilings
6 Heat transmission through floors
7 Heat brought in by infiltration or ventilation air
8 Heat given off by occupants
9 Heat given off by electric motors
10 Heat given off by electric lights
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Complete details of the method of calculation of the cooling load
are outlined in Appendix A. The values of coefficients of heat trans-
mission and enthalpies of mixtures of water vapor and air as given
in the American Society of Heating and Ventilating Engineers' Guide
for 1938 have been used.
The most common method of calculating the cooling load, which
changes from hour to hour depending on variations in outdoor temper-
ature and sun effect, is based on the assumption that the changes in
load occur coincident with the changes in outdoor temperature and
sun effect.
If, for example, the temperature difference between the outdoors
and indoors is 20 deg. F. at a given time, the heat transmission
through the wall at that time is calculated on the basis that conditions
of thermal equilibrium have been maintained with this 20-deg. F.
difference and the existing sun effect. However, since the walls offer
some resistance to heat flow, changes in outdoor temperature and sun
effect are not reflected instantaneously in changes in heat flow, and
an appreciable interval exists between the time that a given outdoor
temperature and sun effect is imposed and the time at which the heat
reaches the indoors. This becomes evident from the fact that the
temperature of the inside surface of the wall reaches a maximum
considerably later than that attained by the outdoor temperature.
A second method for calculating the cooling load purports to allow
for the time lag in the transmission of heat through the walls and
ceiling. In this case the calculated value of the heat transmission
through the wall at any given hour is based, not on the outdoor-indoor
temperature difference and the sun effect occurring at the given time,
but on the temperature difference and sun effect that existed at some
previous time. Obviously, the lag that exists between the time that a
temperature differential is imposed on a wall and the time that the
inside surface temperature is affected is dependent on the type of
construction, the mass, the specific heat of the materials, and the con-
ductivity of the wall. A massive wall that is well insulated, for ex-
ample, will show a greater time lag than a lighter wall that is not
as well insulated.
In order to determine the difference in the results obtained with
the two methods of calculating the cooling load, the hourly values for
the cooling load were first determined by assuming no allowance for
time lag. These hourly values of the heat transmission were calcu-
lated for July 7, 1936. The values of the ten individual items of heat
gain are represented by the full lines in Fig. 13, and the total calcu-
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lated cooling load obtained by summing the values of the individual
items at any given time is shown in Fig. 7. It may be noted from the
full lines in Fig. 13 that the maximum value for the heat transmission
through the walls which were not exposed to the sun (curve No. 1)
was obtained at approximately 4:30 P.M. Similarly the maximum
values for the items represented by curves numbered 2 and 5, re-
spectively, were obtained at 2:00 P.M. and 3:30 P.M.
For the second method of calculating the cooling load, the amount
of the time lag to be used was determined from experimental data
obtained by means of thermocouples placed on the inside surfaces of
the walls and ceiling. These studies indicated that for the conditions
maintained in the Research Residence an interval of approximately
two hours was required for heat to flow through the sidewalls, and an
interval of approximately three hours for heat to flow through the
second story ceiling. Hence the heat gains represented by curves
Nos. 1 and 2 in Fig. 13 were not changed in magnitude, but they were
replotted against a new time basis so that the maximum values were
obtained two hours later. That is, in effect, they were moved to the
right by an amount represented by two hours on the time axis, as
shown by the broken line curves. Similarly the curve representing
the heat transmission through the ceiling, curve No. 5, was replotted
so that the maximum value was obtained three hours later than that
shown by the full line curve. It may be noted from the broken line
curves that the maximum values for the items represented by curves
Nos. 1, 2, and 5 were therefore obtained at 6:30 P.M., 4:00 P.M.,
and 6:30 P.M., respectively. The seven remaining items of heat gain
were not influenced by heat lag, and hence the position of the curves
representing these items was not changed. The total calculated cool-
ing load was again obtained by summing the individual items at any
given time as read from the proper curves, and the resulting curve is
shown in Fig. 7.
It may be observed from the two curves shown in Fig. 7 for the
calculated cooling load on the Residence that the maximum values
obtained by the two methods of calculation were practically the same,
although the times at which the maximum values were obtained were
approximately one hour apart. Although the maximum values were
obtained at approximately 3:00 P.M. when no allowance for time lag
was made, and at approximately 4:00 P.M. when such an allowance
was made, the actual temperature of the indoor dry-bulb did not at-
tain a maximum value until approximately 6:00 P.M. This would
tend to indicate that in order to obtain a closer correspondence
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between the calculated cooling load and the actual cooling load, an
even greater time lag than that which was used would have to be
assumed. However, the use of a greater time lag in the case of the
Research Residence could not be justified from the observations of
the inside surface temperatures of the walls and ceilings.
In the calculation of the design load the maximum value of the
load is of more consequence than is the time at which the maximum
occurs. The fact that practically the same maximum value was ob-
tained by both methods of calculation seems to indicate that in the
case of frame structures similar to the Research Residence the more
complicated method of calculation based on making an allowance for
time lag is hardly justified, although it may be justified for more
massive structures.
The curve obtained by making an allowance for time lag showed,
in general, a more gradual rate of increase of the cooling load until the
maximum value was reached, and also a less rapid decrease of the
cooling load after the maximum value was attained, than was shown
by the curve obtained when no allowance was made for time lag.
It should be noted that the actual heat absorbed by the coil during
this entire period remained constant in spite of the fact that the indoor
dry-bulb temperature slightly exceeded the predetermined value of
80 deg. F. Hence, if the capacity of the cooling plant had not been
limited and if the actual rate of heat absorption by the coil could
have been increased by increasing the rate of water flow so that the
indoor temperature had been maintained at a constant value of
80 deg. F. during the period from 2:00 P.M. to 10:00 P.M., it seems
likely that the curve representing the actual heat absorption would
have attained a closer correspondence to the calculated curve obtained
when an allowance was made for time lag than to the curve obtained
when no such allowance was made. Under these conditions, it is pos-
sible that the method of calculation based on making an allowance
for time lag may have some merit, and consideration of it should not
be entirely neglected in design procedure,* particularly in the case of
massive structures. Further discussion of the effect of heat lag is
given in Section 23.
For the purpose of comparison the design load calculated by the
method outlined in the A.S.H.V.E. Guide, 1938, has been shown as a
single point in Fig. 7. It may be observed that this calculated design
*"A Rational Heat Gain Method for the Determinations of Air Conditioning Cooling
Loads," by F. H. Faust, L. Levine, and F. 0. Urban, Journal Section of Heating, Piping and
Air Conditioning. Vol. 7, No. 8, August, 1935, pp. 391-401. See also American Society of
Heating and Ventilating Engineer's Guide, 1938, p. 155.
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TABLE 4
CALCULATED VALUES FOR THE TEN COMPONENT ITEMS OF THE COOLING LOAD*
Item Source of Heat Gain Heat Gain Percentage of
No. B.t.u. per hr. Cooling Load
1 Walls, not exposed to sun ....................... 9 080 24.3
2 W alls, exposed to sun........................... 3 460 9.3
3 Windows, not exposed to sun. ................... 6 740 18.0
4 Windows, exposed to sunt ........................ 3 120 8.4
5 Ceiling ........................................ 9 050 24.2
6 Floor......................................... - 1 390 - 3.7
7 Ventilation .................................... 4 500 12.0
8 Occupants..................................... 1 600 4.3
9 M otor........................................ 1 200 3.2
10 Lights........................................ 0 0.0
Totals.................. .......... ............ 37 360 100.0
*Based on Fig. 13, 2:00 p.m., Test No. 12, July 7, 1936.
tWindows fitted with awnings.
load was practically the same as the load obtained when the calcu-
lations were made by the methods outlined in this bulletin and when
no allowance was made for time lag.
22. Source of Reductions in Cooling Load.-The curves shown in
Fig. 13 are of additional interest in that they present in a graphical
manner the relative magnitudes of the ten component items that com-
prise the total calculated cooling load on the Residence on a typical
day, in which the outdoor temperature attained a maximum value
of 104 deg. F. The values attained by each component at 2:00 P.M.,
when the load was practically a maximum, have been listed in
Table 4. This time also corresponds to that at which the calculations
for the design of a system are very often made.
In this particular case, practically one-quarter of the calculated
cooling load may be attributed to the heat transmission through the
walls which were not exposed to the sun, and approximately one-tenth
to the heat transmission through walls which were exposed to the
sun. That is, approximately one-third of the total load may be at-
tributed to the heat transmission through the walls alone. It may be
observed that by the application of effective insulation to the unin-
sulated sidewalls, for which the coefficient of heat transmission was
0.25 B.t.u. per sq. ft. per hr. per deg. F. difference in temperature,
substantial reductions in the heat gain would be possible. This reduc-
tion in the heat gain through the walls themselves would be a function
of the reduction in the coefficient of heat transmission. Since the gain
through the walls is only approximately one-third of the total, the
percentage reduction in the total heat gain would be approximately
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one-third of the reduction in heat gain through the walls alone. In
addition, the time lag for the passage of heat through the walls would
also be increased so that the cooling load would be distributed more
uniformly with respect to the time of day.
In a similar manner substantial reductions would be possible in the
heat transmission through the windows which were not exposed to the
sun, provided double-glass windows could be used in place of the
single-glass windows. Since all of the windows exposed to the sun
were equipped with awnings, the value listed as item 4 in Table 4
was considerably smaller than that which would have been obtained
had no awnings been used.*
It may be observed from Fig. 13 and Table 4 that the maximum
heat gain through the walls exposed to the sun which occurred at
2:00 P.M., was 3460 B.t.u. per hr., or only 9.3 per cent of the total cal-
culated cooling load. The indoor-outdoor temperature difference oc-
curring at this time was 23.4 deg. F., and the total area exposed to the
sun was 463 sq. ft. If the sun effect at this time had been neglected,
and the heat transfer calculated as merely that resulting from the
temperature difference, a value of 2720 B.t.u. per hr. would have been
obtained. Comparing this with the 3460 B.t.u. per hr. obtained by
computations involving the sun effect, it is evident that the difference
is only 740 B.t.u. per hr., or 1.98 per cent of the calculated cooling
load. Since this is within the limits of accuracy of any of the methods
used for computing heat gains, it would seem that, for the purpose of
obtaining the maximum load to be used for design, the more involved
method taking into account the sun effect on the walls can hardly be
justified in the case of a structure similar to the Research Residence.
This is not true of windows exposed to the sun, however, because if
the windows had not been shaded by awnings, the resulting heat gain
would have been approximately 12 100 B.t.u. per hr. instead of the
3120 shown in Table 4, and would have constituted a large portion of
the total heat gain. Hence the sun effect on windows, and particu-
larly on those which are unshaded, cannot be neglected.
The amount of heat transmitted through the ceiling (item 5) is
exceedingly large, due not only to the relatively high coefficient of
heat transmission, but also to the very large temperature difference
that exists between the attic space and the indoor air. The effective
use of insulation should serve to materially reduce the heat gain from
*The tests made in 1932 in the Research Residence indicated that the actual total cooling
load was reduced approximately 32 per cent when the windows which were exposed to the sun
were fitted with awnings. A complete discussion of these tests is presented in Engineering
Experiment Station Bulletin No. 290.
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this source also. The heat brought in by ventilation and infiltration
(item 7) is dependent not only on the amount of air introduced into
the house but also on the temperature and relative humidity of the
outdoor air. In this connection, it may be noted that when the mois-
ture content of the outdoor air is high, as was the case in 1935,* the
numerical value of item 7 may be much greater than that listed in
Table 4. Restricting the amount of air required for ventilation tends
to accentuate any odors, and further reduction in the number of air
changes may not be advisable in the average residence. The values
listed as items 8, 9, and 10 are usually insignificant in the case of
residence installations, although they may be of considerable im-
portance in commercial or industrial installations. An analysis of
the components of the calculated cooling load therefore indicates that
the size of the cooling unit required and the cost of operation of the
unit may be materially reduced by substantial improvements in the
construction of the house. The use of awnings on all windows exposed
to the sun, of double glass in windows, and of effective insulation
both in the sidewalls and in second story ceilings or attic floors should
be encouraged if summer cooling of residences is to become a practical
matter.
23. Heat Absorbed by Structure.-It was observed in Section 18
in connection with Fig. 7 that during the period of continuous plant
operation, when the actual heat absorbed by the cooling coil was only
65 per cent of the maximum calculated load on the Residence, an in-
crease in the indoor dry-bulb temperature occurred. When the outdoor
temperature rose to a maximum of 104 deg. F., the calculated cooling
load reached a maximum value of 37 360 B.t.u. per hr. The actual
heat absorbed by the cooling coil remained practically constant at
24 150 B.t.u. per hr., and the indoor air temperature between the hours
of 8:00 A.M. and 6:00 P.M. rose from 78.5 to 81.5 deg. F., or a total
rise of 3 deg. F. It was therefore evident that the cooling plant in use
did not absorb heat at the rate indicated by the maximum calculated
value of the cooling load. In view of the high rate at which the cal-
culated cooling load increased as compared with the actual heat
absorption, the magnitude of the rise in the indoor air temperature
that was actually obtained appeared to be extremely small. The fact
that this rise in the indoor air temperature was not greater has been
attributed to heat absorbed by the building structure and furniture,
and not in turn given up to the indoor air.
*The load due to ventilation at 2:00 P.M. on August 2, 1935 was 8715 B.t.u. per hr.
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FIG. 14. TEMPERATURES OF MATERIALS COMPRISING WALL SECTION (CALCULATED
VALUES BASED ON CONDITIONS OF THERMAL EQUILIBRIUM)
The approximate amount of heat that would be absorbed by the
Residence structure if the indoor air temperature was allowed to in-
crease 1 deg. F., and equilibrium was assumed to be established under
these new conditions, was obtained as shown in Table 5 and Fig. 14.
The weights of the different materials (columns 6 and 7) comprising
the structure were calculated from the volume of each material, as
determined by actual measurement (columns 3 and 4), and the density
of the material (column 5). The temperature rise (column 9) for
those materials which were subjected to a 1 deg. F. rise in indoor
air temperature on both sides of the material, such as a partition wall,
was assumed to be also 1 deg. F.
Owing to the existence of a temperature gradient, the temperature
rise in those materials which were exposed to a 1 deg. F. rise in indoor
air on one side and to a constant temperature on the other side, as
in' the case of an exposed wall, would be less than 1 deg. F. The
magnitudes of these temperature rises, based on the assumption that
the indoor air temperature was allowed to increase 1 deg. F. and that
equilibrium was established under the new conditions, were obtained
by calculating the temperature gradient through the wall, making
use of the general equations of heat flow and the accepted values of
the conductivities of the material. In the case of an exposed wall,
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calculations for the temperature gradient, and hence the surface
temperatures, were based first on an indoor air temperature of 80
deg. F. and an outdoor air temperature of 95 deg. F. The average of
the two surface temperatures of the lath and plaster was then consid-
ered as the temperature of the slab comprised of the lath and plaster,
and the average of the surface temperature of the sheathing and lap
siding was considered as the temperature of the slab composed of these
materials. Similar calculations were then made for an indoor air
temperature of 81 deg. F. and an outdoor air temperature of 95 deg.
F. The difference in the temperatures of each slab of material obtained
by these two calculations was considered as the temperature rise for
that material. A graphical representation of the temperatures estab-
lished in an exposed wall, for values of the indoor air temperature of
80 deg. F. and 81 deg. F., is shown in Fig. 14. It may be noted that for
an increase in the indoor air temperature of 1 deg. F., the increases in
temperature for the lath and plaster and for the studs were 0.80 deg.
F. and 0.64 deg. F., respectively. The increases in temperature for
the sheathing and lap siding were negligibly small. Similar calculated
values for other materials are shown in column 9 of Table 5.
The total amounts shown in columns 10 and 11 in Table 5 in-
dicate that the heat absorbed or given up by the Research Residence
was 12 182 B.t.u. on the first story and 12 162 B.t.u. on the second
story, or a total amount of 24 344 B.t.u. for one degree change in
indoor air temperature. These values are for the building structure
alone, and do not include an allowance for the heat that could be
absorbed by the.furniture, floor coverings, light fixtures, books, and
equipment. Therefore, an actual change of 1 deg. F. in the indoor air
temperature is representative of a very large heat exchange. If the in-
door air temperature were reduced 1 deg. F. a large amount of heat
would be given up to the air by the structure, and would represent a
large additional load on the plant. Conversely, if the indoor air
temperature rose 1 deg. F. the heat absorbed by the walls would tend
to relieve the plant. For example, if the indoor air temperature
changes 1.5 deg. F. during a four-hour period, as illustrated between
the hours of 2:00 and 6:00 P.M. in Fig. 7, the rate at which heat is
being absorbed or given up by the structure will be greater than 9000
B.t.u. per hr. The latter is equivalent to / ton of refrigerating
capacity during the four-hour period.
These results serve to explain why it is possible to use a plant
considerably smaller than that demanded by the calculated maximum
cooling load, and still maintain indoor air conditions that remain
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well within the realm of comfort. This is made possible by the fact
that the heat absorption by the structure limits the rise in indoor
temperature to a comparatively small amount. The results further
emphasize the necessity, in cases in which the plant capacity is dis-
tinctly limited, of starting the cooling plant each day before the indoor
temperature has risen above that required for comfort conditions. If
the indoor temperature is allowed to rise above 80 deg. F., a compara-
tively high capacity will be required, even on a mild day, in order to
effect a rapid decrease in the air temperatures, particularly at a time
when the load on the cooling plant is increasing. Although the effects
resulting from heat absorption by the structure apply to a larger
extent to residence conditions, where the occupancy load is small, the
effect of heat exchange between the air and the structure should
also receive consideration in the case of other types of structures and
under other operating conditions, particularly in installations in which
a rapid reduction in the indoor air temperature is desired.
24. Heat Absorbed per Day.-The total cooling load for the day,
expressed as the total B.t.u. absorbed from the air in the total amount
of time during which water was actually being circulated, is shown
in Fig. 15 plotted against the degree-hours above 85 deg. F. per day.
The base temperature of 85 deg. F. was selected because it was found
that usually no cooling was required unless the outdoor temperature
was 85 deg. F. or more. Curves for both total heat and sensible heat
are shown, and the difference between these curves represents the
heat due to the change in the moisture content of the air. Consider-
able deviations from the curves representing median conditions oc-
curred in the individual points, each of which was obtained from data
based on a single day's operation. These deviations could be ac-
counted for by variations in the wind and sun effects which influence
the load but are not reflected in the degree-hours. In addition, if the
night was exceptionally cool, less than the average amount of artificial
cooling was required the next day, while if the night was exceptionally
warm the reverse was true.
From the upper curve in Fig. 15 it may be noted that the sensible
heat absorbed during the tests made in 1935 and during the two series
of tests made in 1936 could be represented by a single curve. This
would indicate that the total amount of sensible heat absorbed by the
cooling coil for a given outdoor condition is independent of the coil
temperatures, and is dependent only on the temperature difference
maintained between the outdoor air and the indoor air. On the other
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hand the middle group of curves in Fig. 15 indicates that the total
heat absorbed by the cooling coil was greater for the tests made during
the 1935 season than for the tests made during 1936. This condition
was caused by the fact that a relatively greater amount of heat was
required to reduce the moisture content of the air during the former
season, which was characterized by a high moisture content in the
outdoor air.
The curves in the lower portion of Fig. 15 show the total number
of hours per day during which water was circulated. For those days
on which the outdoor temperature attained a maximum value between
104 deg. F. and 108 deg. F. the operation of the plant was practically
continuous, since the cold water was circulated approximately 22
hours out of the 24. These curves shown in Fig. 15 can be used to
estimate the seasonal amount of heat absorption and the total time of
plant operation for any season for which the number of degree-hours
above 85 deg. F. is known for each day in the season. This is done
by reading from the proper curve the values corresponding to the
degree-hours for each day in the season and then summing the values
thus read. Results obtained by such calculations are presented in
Section 26.
A comparison of the sensible heat absorbed by the coil supplied
with cold water in 1935 and 1936 with that absorbed by the expansion
coil used in connection with the mechanical refrigerating unit em-
ployed in 1934 affords a means of determining the magnitude of the
heat gain introduced into the house by the presence of the refrigerat-
ing machine in the basement. This is true because the heat emitted
from the machine would appear as a sensible heat gain alone, and
therefore the difference in latent heat loads for the two seasons may
be disregarded. In the case of the coil supplied with cold water the
amount of sensible heat removed from the air by the water is equal
to the net sensible heat gain of the house. However, in the case of
the mechanical refrigerating unit located in the basement, the sensible
heat gains contributed by the unit, such as the electrical and me-
chanical losses in the compressor motor, the mechanical losses in the
compressor and drive, and the heat losses from the condenser and
compressor heads constituted an additional load in excess of the net
sensible heat gain of the house. The result was such that on two
similar days, characterized by the same number of degree-hours, the
sensible heat absorbed by the direct expansion coil used in connection
with the mechanical unit was greater than that absorbed by the water
coil. It was observed that for a day having 80 degree-hours, the
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TABLE 6
SUMMARY OF RESULTS OF TESTS USING WATER FOR COOLING AND USING AIR FROM
OUTDOORS AT NIGHT FOR ENTIRE SEASONS OF 1935 AND 1936
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
Weather Data
Total hours above 85 deg. F...........................
Total hours above 90 deg. F...........................
Total degree-hours above 85 deg. F ....................
Total degree-hours above 90 deg. F....................
Night Air Cooling
Total number of nights with night air cooling by fan ......
Total running time for fan during night air cooling, hours. .
Average rate of power input to fan during night air
cooling, watts ...................................
Total power input to fan during night air cooling, kw-hr...
Air Recirculation without Water Cooling
Total number of days with recirculation of house air by fan
Total running time for fan during recirculation of house
air, hours .......................................
Average rate of power input to fan during recirculation
without water cooling, watts......................
Total power input to fan during recirculation of house air
without cooling, kw-hr............................
Air Recirculation with Water Cooling
Total number of tests with water cooling ...............
Total running time for fan during test period, hours ... .
Average rate of power input to fan during test period, watts
Total power input to fan during test period, kw.-hr.......
Combined Totals
Total running time for fan including night air cooling, hours
Total power input to fan including night air cooling, kw-hr.
Total number of hours of test period for season .........
Total number of hours of water circulation during test
period ..........................................
Total quantity of cooling water, gallons ... ............
sensible heat absorbed by the mechanical unit was 250 000 B.t.u.*
per day, and by the water cooling coil was 190 000 B.t.u. per day.
The difference of 60 000 B.t.u. per day amounted to 24 per cent of
the heat absorbed by the mechanical unit. The ratio of 190 000 to
250 000 may be regarded as an approximate index of the overall
house efficiency of the mechanical unit. This ratio of 0.76 agrees
remarkably well with the value of 0.767 obtained directly from an
analysis of the heat balance on the house.t
25. Summary of Seasonal Results.-Table 6 gives a summary of
the total quantities obtained for the seasons of 1935 and 1936. The
total of 1082 degree-hours above 85 deg. F. for the former season
(item 3) indicates that this season was mild as compared with those
of 1934, 1933, and 1932, for which the degree-hours above 85 deg. F.
were 2658, 2309, and 1471 respectively. On the other hand the season
*"Investigation of Summer Cooling in the Warm-Air Heating Research Residence," Univ.
of Ill. Eng. Exp. Sta. Bul. 290, 1937.
tibid.
1935 Season
323
83
1 082
174
63
706
443
313
59
475
415
197
32
201
433
87
1 382
597
201
121
43 300
1936 Season
706
342
4 551
1 963
62
614
503
309
63
621
441
274
51
695
442
308
1 930
888
695
452
94 522
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FIG. 16. GRAPHICAL RECORD OF SUMMER TEMPERATURES IN URBANA,
ILLINOIS, FROM 1888 TO 1936
of 1936 was the hottest summer occurring in Urbana, Illinois, since
the year 1888, when the local Station of the U. S. Weather Bureau
was established. As may be noted from Fig. 16, the average of the
122 daily maximum temperatures that were obtained during the
months of June, July, August, and September was 88 deg. F. which
was approximately one degree higher than the highest average of the
daily maximums obtained for any of the previous 49 years. The total
of 4551 degree-hours above 85 deg. F., (item 3, Table 6), which was
almost four and one-half times that obtained for 1935, is a better
indication of the extreme weather conditions that prevailed during
the summer.
The number of days with temperatures above 85 deg. F. was 55
for the season of 1935 and 81 for the season of 1936. The numbers of
days with temperatures above 90 deg. F. were 19 and 50 respectively.
The number of hours with temperatures above 85 deg. F. (item 1,
Table 6) for the season of 1935 was 323 as compared with 706 for
1936, and the numbers of hours with temperatures exceeding 90 deg.
F. (item 2) were 83 and 342, respectively. The severity of the season
as measured by degree-hours is apparently determined largely by the
total number of days on which the maximum temperature exceeds
90 deg. F., since the higher number of degree-hours is always ac-
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companied by the higher number of hours with temperatures above
90 deg. F. While the 1935 season was milder from the standpoint
of outdoor temperatures, it was characterized by much higher out-
door humidities than were obtained for 1936. This is indicated to a
certain extent in Fig. 11 from which it may be observed that the out-
door specific humidity ranged from 110 to 140 grains per lb. of dry
air in 1935 as compared with a range of from 80 to 100 grains per lb.
for 1936.
From item 6, Table 6, it may be observed that the total time that
the fan was running during periods when it was circulating air from
outdoors at night was 706 hours for 1935 and 614 hours for 1936.
During the stand-by periods from 7:00 A.M. until the indoor tempera-
ture rose to 80 deg. F. the fan was allowed to recirculate the air in
the house. As shown by item 10 the total running time for the fan
during these periods was 475 hours for 1935 and 621 hours for 1936.
During all of the time that cooling was demanded, the fan was allowed
to run irrespective of whether the water was being circulated or not.
The total time that the fan was running during these periods, as
shown by item 14, was 201 hours and 695 hours, respectively, for
1935 and 1936. Therefore, the total time during which the fan was
operated to recirculate the air in the house was 676 hours for 1935,
and 1316 hours for 1936. The combined totals of fan operation and
water circulation actually obtained for the tests made under the con-
ditions of 1935 and 1936 are shown in the last five items of Table 6.
Owing to the fact that the two seasons varied, and that during each
season two separate series of tests were run, the totals given in
Table 6 for the items subsequent to item 4 are not strictly comparable.
A discussion of -costs reduced to a comparable basis, however, is given
in Section 26.
26. Cost of Operation.-The total hourly costs for both water and
electricity based on the periods of actual operation, during which time
the plant was operating or the water was running, are given in Table 7.
The total costs for operating with water as the primary cooling
medium, as shown in column 7, were 13.22 cents, 9.95 cents, and 6.82
cents, respectively, for inlet water temperatures of 58 deg. F., 52 deg.
F., and 46 deg. F. All costs have been based on prevailing local rates
of 33 cents per 1000 gallons of water and 3.1 cents per kilowatt-hour
of electricity. It may be noted that the use of colder water for the
cooling coil permitted a marked reduction in the required amount of
cooling water, and with equal unit cost for the water, this was re-
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flected in a substantial reduction in the operating costs. It is also of
interest to note that the hourly operating cost with water at a tempera-
ture of 58 deg. F. was practically the same as that for the mechanical
condensing unit.
Owing to wide variations in seasonal demands and in local water
and electrical rates, comparisons between seasonal costs may be mis-
leading. Furthermore, during any given season two or more series of
tests were usually run under different conditions. Hence, totals ob-
tained during two seasons of actual operation are not strictly compa-
rable. With due appreciation of these limitations, however, the costs
based on the totals given in Table 6 are undoubtedly of some interest.
During the part of the 1935 season over which the plant was in opera-
tion, the total cost for electricity for operating the fan both to circu-
late air from outdoors at night and to recirculate the air in the house
during the day was $18.52. The total cost for 58-deg. F. water was
$14.29, and the cost for both electricity and water was $32.81.
Although the cooling plant was not ready to operate before July 11,
1935, observations on the temperatures and conditions in the Residence
were made dating from June 1. The first part of the summer, par-
ticularly during May, was unusually cool, and these observations
indicated that between May 1 and July 11 only 8 days occurred on
which any cooling whatever would have been required. If these days
are included, a reasonable estimate of the cost of cooling for the
season of 1082 degree-hours would be approximately $36.00.
During the season of 1936 when tests were made with water at
temperatures of 52 deg. F. and 46 deg. F., the first part of the sum-
mer from May 1 to June 17 was quite cool and the house tempera-
tures did not attain 81 deg. F. at any time during this entire period.
Therefore, the actual cooling season extended from June 17, 1936 to
September 16, 1936. The total cost for electricity for operating the
fan both to circulate air from outdoors at night and to recirculate the
air in the house during the day was $27.52. The total cost for water
was $31.19 and the cost for both electricity and water was $58.71.
A direct comparison of the seasonal costs of operation for the plant
using ice, the plant using mechanical refrigeration, and the plant using
water at temperatures of 58 deg. F., 52 deg. F., and 46 deg. F. is not
possible owing to the fact that each plant was operated under two
different conditions for part of the season, and that the number of
degree-hours above 85 deg. F. was different for all four seasons.
However, it is possible to calculate the seasonal costs for any given
season provided that operating data similar to that shown in Fig. 15
SUMMER COOLING OF RESIDENCE WITH
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ILLINOIS ENGINEERING EXPERIMENT STATION
are available. In the results shown in Engineering Experiment Station
Bulletin No. 290, the season of 1934, including 2658 degree-hours
above 85 deg. F. and 65 days with maximum temperatures exceeding
85 deg. F., was selected as the common season for which the operating
costs were to be calculated. The operating costs for the plants using
ice and mechanical refrigeration, as given in that bulletin, have been
reproduced in the first two lines of Table 8. By using Fig. 15 in con-
nection with the daily degree-hours per day above 85 deg. F. for the
season of 1934, and following the method outlined in Section 24, it is
possible to obtain the total hours of water circulation, the total
quantity of water used, and the hours of fan operation which would
have resulted if the plant using water had been operated during the
entire season of 1934 from May 1 to September 1. These values are
shown in the last three lines in Table 8.
From this study it was determined that if the plant using ice had
been operated during the season of 1934 with supplementary use of
cooling with outdoor air at night and with the Residence equipped
with awnings, the total cost would have been $191.00. Under the
same conditions, the seasonal cost for operating the plant using me-
chanical refrigeration has been estimated as $60.37. The costs of
cooling with water were estimated under similar operating conditions,
except that during the stand-by period between 7:00 A.M. and the
time that the cooling plant was started the fan was recirculating the
air in the house. With the slight additional cost accounted for by the
electrical input required to recirculate the air during this period, as
shown in column 6, Table 8, the total seasonal costs for water at
temperatures of 58 deg. F., 52 deg. F., and 46 deg. F. were estimated
as $61.36, $55.15, and $46.84, respectively. These cost estimates, based
on a common season having 2658 degree-hours, show that the operat-
ing costs of a plant using water are not unreasonable with the rates
for water and electricity prevailing in Urbana, Illinois.
27. Enumeration of Advantages and Disadvantages of Cooling
with Water.-In considering the possible application of cold water as
a medium for cooling structures similar to the Research Residence
some attention should be given to both the advantages and the dis-
advantages of the method. These may be itemized as follows:
(a) Advantages
(1) The system is characterized by simplicity, both in installation
and in operation. The controls required are also simple in type and
operation.
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(2) The number of moving parts is few and practically no
servicing is required.
(3) The operating costs are reasonably low.
(4) The plant is extremely quiet in operation.
(5) The water used for cooling may be utilized by sprinkling the
lawn.
(6) No additional heat from the operation of the cooling unit is
added to the heat load of the house.
(b) Disadvantages
(1) The method is confined to those localities in which an
abundant supply of water at temperatures of less than 60 deg. F. is
available. The temperatures of ground water and surface water, for
different localities are shown in Appendix B.
(2) Even in localities having a cold water supply, limitations may
be imposed on the quantity of cooling water allowable for air con-
ditioning. Furthermore, local sewerage facilities may impose addi-
tional limitations on the amount of water that may be used for this
purpose.
(3) High mean coil temperatures are accompanied by high indoor
relative humidities. However, the relative humidities accompanying
mean coil temperatures of approximately 56 deg. F. are acceptable.
(4) A relatively large amount of coil surface is required. In order
to minimize the amount of cooling coil surface correspondingly greater
amounts of cooling water must be used.
(5) On account of the resistance imposed by the cooling coil to
the flow of air, a fan must be selected which is capable of delivering
air against a comparatively high resistance. The use of larger face
areas of the cooling coil and the use of a lesser number of sections
will reduce this air resistance.
(6) If the cooling water is supplied from city water mains, the
large quantity of water used may materially reduce the water pres-
sure in the service lines to the building. In some cases this may neces-
sitate the use of a larger service line.
28. Conclusions.-The following conclusions may be drawn as ap-
plying to the Research Residence and the conditions under which the
tests were conducted:
(1) Using water from the city mains at 58 deg. F., it is possible
to maintain an indoor dry-bulb temperature of 80 deg. F., with the
outdoor temperature as high as 100 deg. F. On days when the maxi-
mum outdoor temperature exceeds 90 deg. F. the plant will operate
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continuously over considerable periods of time, and it is possible to
maintain an indoor relative humidity of 63 per cent, with a resultant
effective temperature of 75 deg. While not representative of optimum
comfort, these conditions do represent a material improvement in at-
mospheric conditions that would probably be acceptable to the ma-
jority of users.
(2) On days when the maximum outdoor temperature does not
exceed 90 deg. F. the plant will operate intermittently at all times
and the indoor relative humidity will exceed 63 per cent. Under these
conditions the maintenance of an indoor dry-bulb temperature of
80 deg. F. will result in effective temperatures exceeding 75 deg.,
and conditions will not be satisfactory from the standpoint of comfort.
(3) On days when the maximum temperature does not exceed 90
deg. F. it is possible to operate the plant with 58-deg. F. water from
the city mains so as to maintain effective temperatures not exceeding
74 deg. with indoor relative humidities ranging from 70 to 80 per
cent, and to maintain acceptable conditions from the standpoint of
comfort.
(4) With 58-deg. F. water from the city mains it is possible to
obtain sufficient dehumidification to maintain 63 per cent relative
humidity indoors. These results indicate that 60 deg. F. is probably
the upper practical limit for the temperature of the available cooling
water unless an excessive amount of coil surface is used, in order to
maintain indoor dry-bulb temperatures as low as 75 deg. F. in severe
weather.
(5) Using water at temperatures of 52 deg. F. and 46 deg. F. it is
possible to maintain an indoor dry-bulb temperature of approximately
80 deg. F. with the outdoor temperature as high as 108 deg. F. On
days when the maximum outdoor temperature exceeds 90 deg. F. the
plant will operate continuously over considerable periods of time and
it is possible to maintain an indoor relative humidity of 52 per cent,
with a resultant effective temperature of approximately 74 deg., which
would undoubtedly be acceptable to the majority of users.
(6) During intermittent operation of the cooling plant the indoor
relative humidity rises to a maximum during the off-period. The
magnitude of this rise is dependent to a great extent on the moisture
content of the outdoor air.
(7) During continuous operation of the cooling plant the indoor
relative humidity decreases to a minimum value which is independent
of the moisture content of the outdoor air, and is related to the mean
coil temperature.
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(8) In designing a plant to operate with water the resistance of the
coils to the flow of air and the capacity of the fan available may
become limiting factors in determining the amount of surface and the
character of the coil to be used.
(9) The resistance of the coil to the flow of water is very small,
but the pressure loss in the line between the coil and the city main
may be large enough to become a limiting factor in determining the
amount of water that can be circulated through the coil.
(10) With the rates for water and electricity prevailing in Urbana,
Illinois, the operating costs of a plant using water as a primary
cooling medium are not unreasonable.
(11) In the case of uninsulated frame structures similar to the
Research Residence the more complicated method for calculation of
the maximum value of the cooling load, which includes an allowance
for the heat lag, may not be justified.
(12) An analysis of the components of the calculated cooling load
indicates that the size of the cooling unit required and its cost of oper-
ation may be materially reduced by substantial improvements in the
construction of the house.
(13) A building absorbs or gives up a large amount of heat when
a temperature change occurs. In a structure of the type of the Re-
search Residence a rise of one degree F. in the indoor air temperature
may result in a heat absorption of over 24 000 B.t.u. by the structure.
(14) That the imposed cooling load may increase to a value
largely in excess of the capacity of the cooling plant and result in a
comparatively small increase in indoor temperature, may be ex-
plained by the fact that the heat absorption by the structure tends to
relieve the imposed load.
(15) A comparatively large plant would probably be required,
even on a mild day, in order to effect a rapid decrease in the indoor
air temperature, particularly if the cooling load on the plant were
increasing.
V. RESULTS OF STUDIES ON REGISTERS
29. Temperature Gradients.-The description of the registers is
given in Section 9 and the test procedure is described in Section 12.
Three different arrangements of the register were investigated, as
illustrated by the insets in the upper portion of Fig. 17. In arrange-
ment A the register was located in the baseboard and the louvers
were adjusted so that the cool air was projected horizontally into the
room near the floor. For arrangement B the louvers were set at an
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FiG. 17. ROOM AIR TEMPERATURE DIFFERENTIALS WITH THREE TYPES OF OUTLETS
angle of 60 degrees with the horizontal so that the air was projected
upwards into the room. For arrangement C the register was located
in the sidewall at a height of 7 ft. from the floor. In this case the
air was delivered horizontally into the upper part of the room.
In Fig. 17 curves are shown giving the relation between the out-
door-indoor temperature difference and the difference in temperatures
between the 5-ft. level and the floor, and between the ceiling and the
5-ft. level. These room air temperatures were obtained by means
of thermometers located on the central axis of the room, as shown in
Fig. 5. Other temperatures were observed by means of thermometers
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located in the four corners of the room. The readings of these ther-
.mometers, as shown by Table 9, indicated that at the 5-ft. level the
average value of the deviations of the temperatures observed in the
four corners from those observed in the center of the room was not
greater than 0.5 deg. F. It may be noted from Table 9 that some of
the temperatures obtained in the north half of the room were affected
to some extent by the cool air from the registers. In general, the
temperature distribution in all parts of the room was fairly uniform,
and hence the temperatures obtained in the center may be regarded
as typical of those obtained in all parts of the room. It may be ob-
served from Fig. 17 that, in all cases, the temperature gradient from
the floor to the ceiling tended to increase as the outdoor temperature
increased. For an outdoor temperature of approximately 100 deg. F.,
or for an outdoor-indoor difference of 20 deg. F., the total differences
in temperature from the floor to the ceiling were 6.2 deg. F., 2.5
deg. F., and 3.2 deg. F. for arrangements A, B, and C, respectively.
The temperature gradients obtained for arrangements B and C
were quite small, and even that for arrangement A was not exces-
sively large. Furthermore, temperatures in the living zone lower than
those in the upper part of the room are not as undesirable in the
summer time as they are in the winter. Therefore, it is evident that
the performance of registers used for summer cooling work should
be evaluated from some standpoint other than that of the tempera-
ture gradients produced in the room, and the absence of objectionable
air currents or drafts in the living zone is suggested as a better cri-
terion for judging the performance of registers in this case.
30. Air Circulation.-As indicated by the diagram in Fig. 18, the
use of arrangement A produced appreciable air currents directly in
front of the register, and proved to be unsatisfactory from this stand-
point. The air was projected across the floor to the opposite wall at a
rather high velocity. This is indicated by the numerical values for the
air velocity in feet per minute, shown in Fig. 18. These values are
placed adjacent to the arrows indicating the direction and magnitude
of the air flow, and, owing to limitations of the instruments used for
observing very low velocities, the lower values shown must be regarded
as only approximate. The path of the main air stream was such that
a considerable portion of the lower part of the room was subjected to
objectionable drafts. Although the use of a different type of register
which would tend to spread the air outwards into the room instead
of directing it straight across might serve to reduce the magnitude
76 ILLINOIS ENGINEERING EXPERIMENT STATION
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of the air velocity, it is probable that objectionable drafts would still
be obtained in a considerable zone located in front of the register.
Therefore, it may be concluded that a baseboard register with hori-
zontal louvers of the type indicated by arrangement A is not satis-
factory for summer cooling work.
In the case of arrangement B the air flow in the living zone was
directed upwards to the ceiling in a path that did not extend beyond
approximately 30 inches from the sidewall. Hence, only a very small
portion of the living zone was subjected to the direct action of the
air from the registers. The cold air after reaching the ceiling diffused
and descended into the living zone without the creation of any ob-
jectionable drafts. In this connection this arrangement proved to be
the most satisfactory of the three tested.
The sidewall register located at the 7-ft. level, indicated by ar-
rangement C in Fig. 18, projected the air outwards into the room and
hence did not create any objectionable drafts in the living zone,
except near the outside wall. It was observed that the cool air de-
scended parallel to the outside wall and produced an appreciable draft
in a small zone near this wall. Therefore, the only limitation to be
observed in connection with the use of arrangement C appears to be
that the outlet register velocity should not exceed a value just suf-
ficient to project the air to the wall opposite to the register. Obviously,
the use of diffusing type registers, which spread the air outwards into
the room, would tend to minimize this effect. In the selection of such
registers due consideration should be given to the proper relations*
existing between the air velocity, the aspect ratio, the air temperature,
and the size of the room.
31. Conclusions.-The following conclusions concerning the studies
on registers may be drawn as applying to the Research Residence and
the conditions under which the tests were conducted.
(1) The absence of objectionable drafts in the living zone was
found to be a more satisfactory criterion for evaluating the per-
formance of different types of registers used in connection with sum-
mer cooling work than was the existence of small temperature gradi-
ents from the floor to the ceiling.
(2) Considering the three types of register arrangements tested,
the most satisfactory results were obtained with the high sidewall
register and also with the baseboard register which projected the air
upwards at an angle of 60 degrees with the horizontal.
*"Characteristics of Registers and Grilles," by J. H. Van Alsburg, Journal section, Heat-
ing, Piping and Air Conditioning, Vol. 7, No. 6, June, 1935, pp. 304-307.
APPENDIX A
METHOD USED FOR CALCULATION OF COOLING LOAD
1. General Statement.-The total cooling load imposed on a cool-
ing plant consists of the sum of all heat gains by the structure result-
ing from indoor-outdoor temperature differences and sun effects on
walls and windows, and of all other heat quantities introduced by air
inleakage and heat given up by the occupants and by mechanical or
electrical processes. For convenience in calculation, these heat quan-
tities may be itemized as follows:
Item 1. Heat Transmission Through Walls Not Exposed to Sun
Item 2. Heat Transmission Through Walls Exposed to Sun
Item 3. Heat Transmission Through Windows and Doors Not Ex-
posed to Sun
Item 4. Heat Transmission Through Windows Exposed to Sun
Item 5. Heat Transmission Through Ceilings
Item 6. Heat Transmission Through Floors
Item 7. Heat Brought in by Infiltration or Ventilation Air
Item 8. Heat Given off by Occupants
Item 9. Heat Given off by Electric Motors
Item 10. Heat Given off by Electric Lights
In computing the cooling load for the Research Residence, the
values of coefficients of heat transmission and enthalpies of mixtures
of water vapor and air as given in the American Society of Heating
and Ventilating Engineers' Guide for 1938 have been used. Wherever
other sources of information were consulted references to such sources
have been given. The following computations all apply to conditions
existing at the Research Residence at 2:00 P.M. on July 7, 1936.
2. Item 1. Heat Transmission Through Walls Not Exposed to
Sun.-The heat transmission through walls not exposed to the sun and
through partition walls was computed from the equation,
H = AU (to - i•) (1)
in which H = heat transmitted in B.t.u. per hr.
A = wall area, in sq. ft.
U = coefficient of heat transmission, in B.t.u. per sq. ft. per
hr. per deg. F. temperature difference from air to air.
to = outdoor temperature, in deg. F.
tj = indoor temperature, in deg. F.
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In the Research Residence three types of walls were involved, as
follows:
(a) Frame wall consisting of weatherboard, building paper, sheath-
ing, 6-in. studding, wood lath, and plaster. The total area of this type
of wall was 1767 sq. ft. However, since the portion of this wall which
was exposed to the sun at any particular time is separately treated,
only the portion not exposed to the sun was used in computing the
heat gain by Equation (1). At the time considered this was 1304 sq.
ft. The value of U used was 0.25, (Guide 1938, p. 109, Table 5, Wall
No. 65A).
(b) The chimney was regarded as being equivalent to a wall sec-
tion consisting of 12-in. brick with wood lath and plaster finish. The
total area not exposed to the sun at the time under consideration was
117 sq. ft., and the value of U used was 0.24, (Guide 1938, p. 105,
Table 3, Wall No. 2C).
(c) Partition wall between sun-room and dining room, consisting
of 6-in. studding with wood lath and plaster on both sides. The total
area of this wall was 100 sq. ft., and the value of U used was 0.34,
(Guide 1938, p. 110, Table 6, Wall No. 77B). The temperature in the
sun-room was assumed to be the same as that outdoors.
Sample calculation at 2 P.M., July 7, 1936:
Hia = 1304 X 0.25 (103.7 - 80.3) = 7627 B.t.u. per hr.
Hib = 117 X 0.24 (103.7 - 80.3) = 657 B.t.u. per hr.
H11, = 100 X 0.34 (103.7 - 80.3) = 796 B.t.u. per hr.
Total H for walls = 9080 B.t.u. per hr.
3. Item 2. Heat Transmission Through Walls Exposed to Sun.-
The intensity of the sun is generally expressed as the B.t.u. received
per hour on one sq. ft. of surface normal to the sun. The intensity re-
ceived normal to a surface which is in itself not normal to the sun's
rays is dependent on the angle of incidence between the sun's rays and
the surface. For such surfaces the angle of incidence is a function of
the orientation of the surface, the month, the day of the month, and
the time of day. Curves giving the relation between the time of day
and the solar intensity normal to the sun, normal to a horizontal
surface, and normal to south, east, and west walls for the months of
July, August, and September have been developed at the Research
Laboratory* of the American Society of Heating and Ventilating
*"Heat Transmission as Influenced by Heat Capacity and Solar Radiation," by F. C.
Houghten, J. L. Blackshaw, E. M. Pugh, and Paul McDermott. Trans. A.S.H.V.E. Vol. 38,
1932, pp. 231-279.
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Engineers. These curves are for Pittsburgh, Pennsylvania, but are
equally applicable to Urbana, Illinois, both of which are in practically
the same latitude of 40 degrees North.
Of the sun's intensity, I, normal to a given wall, a portion, el,
is absorbed by the surface and a portion, (l-e) I, is reflected from the
surface. The portion eI raises the surface temperature, and a part of
it is lost by radiation from the surface and by convection to the out-
door air. The remaining portion is transmitted through the wall. In
the case of such sun exposed walls Equation (1) for heat transfer from
air to air on the two sides of the wall is not applicable. The following
equations,* however, may be written as applying to this case:
el = Hi + H 2 , or H 2 = el - Hi
Hi = fo (t. - to)
H 2 = C (t. - ty)
H 2 = fi (ty - ti)
In which I = solar intensity normal to the surface, in B.t.u. per sq.
ft. per hr.
e = coefficient of absorption of solar radiation.
H, = heat lost from outside surface by radiation and con-
vection, in B.t.u. per sq. ft. per hr.
H2 = heat transmitted through wall, in B.t.u. per sq. ft.
per hr.
fo = outside surface coefficient, in B.t.u. per sq. ft. per hr.
per deg. F. difference in temperature between the
surface and the air.
fi = inside surface coefficient, in B.t.u. per sq. ft. per hr. per
deg. F. difference in temperature between the sur-
face and the air.
C = conductance of wall, in B.t.u. per sq. ft. per hr. per deg.
F. difference in temperature from surface to surface.
to = outdoor air temperature, in deg. F.
ti = indoor air temperature, in deg. F.
tG = outdoor surface temperature, in deg. F.
t, = indoor surface temperature, in deg. F.
*Harding, L. A. and Willard, A. C., "Mechanical Equipment of Buildings," Vol. I, second
edition, p. 248.
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The general solution of Equations (2) to (5) gives
el + fo (to - ti)
H 2 = (6)
+ 11+fo C f
By introducing the equation for the overall coefficient of heat transfer,
U, or the heat transferred per sq. ft. per hr. per deg. difference in
temperature from air to air
U = (7)
1 1 1
Equation (6) may be reduced to the following form:
UeI
H2= -- + U (to - ti) (8)
For the total area, A, of wall involved Equation (8) becomes
AU el
H. = H 2 XA =-- + AU (t - t) (9)
It may be noted that the term, AU (t0 - ti), in Equation (9) is
the same as Equation (1) for the determination of the heat transmis-
AUel
sion through walls not exposed to the sun. The term, , in
Jo
Equation (9) may be regarded as the additional heat gain resulting
from the sun shining on the wall surfaces.
The values of the coefficients used in Equation (9) were U=
0.25, (Guide 1938, p. 109, Table 5, Wall No. 65A), and fo,= 6.00,
(Guide 1938, p. 101, Table 2). Values of e for clean white paint rang-
ing from 0.20 to 0.30 were given by different authorities, and a value
of 0.40 was used as being representative of weathered white paint
stained with soot and dirt. It was determined by observations made
at the Research Residence that when the sun was shining on a wall
only about 50 per cent of the wall area was actually exposed to the
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sun's rays. The balance was shaded by shutters and other obstruc-
tions. For the south and west walls the total areas of the wall surfaces
were 530 and 396 sq. ft., respectively. The actual sun exposed areas
were therefore 265 and 198 sq. ft. At 2:00 P.M. on July 7, the values
of the sun's intensity on the south and west walls were 63 and 144
B.t.u. per sq. ft. per hr., respectively.
Sample calculation for 2:00 P.M., July 7, 1936:
u wa, 265X0.25X0.4 X63South wall, H,. +265X0.25 (103.7-80.3)
6.0
=278+1549= 1827 B.t.u. per hr.
198X0.25X0.4X144
West wall, H.= +198X0.25 (103.7-80.3)
6.0
=475+1158 =1633 B.t.u. per hr.
Total heat transfer through walls exposed to sun = 3460 B.t.u. per hr.
4. Item 3. Heat Transmission Through Windows and Doors Not
Exposed to Sun.-The heat transmission through windows and doors
was calculated from Equation (1) Section 2. For windows the value
of U used was 1.13, (Guide 1938, p. 117, Table 13). This value of
U applies to the window as a whole, including sash and any separating
strips between panes. All windows were shaded by awnings, and the
indirect sun effect was obtained by using the glass area alone of the
windows on the sides exposed to the sun, as explained in Section 5.
Hence the area used in Equation (1) was obtained by subtracting the
total area of the glass alone on the sun-exposed sides from the total
area of the openings for all windows. That is, it included the total
area of openings on the sides of the house not exposed to the sun and
the wooden sash and dividing strips on the sides exposed to the sun.
At 2:00 P.M. this area was 243.7 sq. ft.
The front door was considered separately. Its area was 24.5 sq. ft.
and a value for U of 0.52 was used, (Guide 1938, p. 117, Table 13).
Sample calculation for 2:00 P.M., July 7, 1936:
Windows, H = 243.7 X 1.13 (103.7 - 80.3) = 6442 B.t.u. per hr.
Door, H = 24.5 X 0.52 (103.7 - 80.3) = 298 B.t.u. per hr.
Total = 6740 B.t.u. per hr.
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5. Item 4. Heat Transmission Through Windows Exposed to
Sun.-The studies of F. C. Houghten* and others indicated that the
total heat gain through a glass area shaded by an awning was 28 per
cent of the total heat gain for the same glass area unshaded by an
awning and exposed to the sun. Since the latter amounted to approxi-
mately 97 per cent of the sun's intensity normal to the window surface,
it is sufficiently accurate for all practical purposes to regard the heat
gain through a glass area shaded by an awning on the sunny side of a
building as equal to 28 per cent of the sun's intensity normal to that
area. At 2:00 P.M. on July 7 the sun's intensity for south and west
windows was 63 and 144 B.t.u. per sq. ft. per hr. respectively. The
heat transmitted by the windows shaded by awnings was therefore
obtained by using 28 per cent of these values and multiplying by the
respective glass areas for south and west windows.
Sample calculation for 2:00 P.M., July 7, 1936:
South windows, H. = 85.6 X 63 X 0.28 = 1510 B.t.u. per hr.
West windows, H. = 39.9 X 144 X 0.28 = 1610 B.t.u. per hr.
Total = 3120 B.t.u. per hr.
6. Item 5. Heat Transmission Through Ceilings.-The heat trans-
mission through ceilings was calculated from Equation (1) Section 2.
The temperature in the attic space at any given time was obtained
from test data. The attic space contained a floored section having an
area of 394 sq. ft., for which a coefficient of 0.24 was used, (Guide
1938, p. 111, Table 8); an unfloored section having an area of 304
sq. ft., for which a coefficient of 0.62 was used, (Guide 1938, p. 111,
Table 8); and a section of 182 sq. ft. which had % in. of blanket
insulation nailed to the top of the joists. The calculated value of the
coefficient for the latter was 0.19.
Sample calculation for 2:00 P.M., July 7, 1936:
Floored ceiling, H = 394 X 0.24(108.8-80.3) = 2695 B.t.u. per hr.
Unfloored ceiling, H = 304 X 0.62(108.8-80.3) = 5370 B.t.u. per hr.
Insulated ceiling, H = 182 X 0.19(108.8-80.3) = 985 B.t.u. per hr.
Total = 9050 B.t.u. per hr.
7. Item 6. Heat Transmission Through Floor.-The heat trans-
mission from the first story to the basement through the floor was
*"Studies of Solar Radiation Through Bare and Shaded Windows," by F. C. Houghten,
Carl Gutberlet, and J. L. Blackshaw. Trans. A.S.H.V.E. Vol. 40, 1934, pp. 101-118. See also
A.S.H.V.E. Guide 1938, p. 156, Table 8.
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calculated from Equation (1) Section 2. The total area of the floor
was 850 sq. ft. and the coefficient used was 0.34, (Guide 1938, p. 111,
Table 8, Floor No. 1D). Since the temperature in the basement was
less than that on the first story the heat flow was from the first story
to the basement. Hence, the heat gain in this case was negative.
Sample calculation for 2:00 P.M., July 7, 1936:
H = 850 X 0.34 (74.0 - 78.8) = - 1390 B.t.u. per hr.
8. Item 7. Heat Brought in by Infiltration or Ventilation Air.-
Since approximately one air change per hour of air for ventilation was
delivered into the house, it was considered that the amount resulting
from infiltration was negligible. The heat gain was therefore calcu-
lated from the weight of air delivered and the difference in enthalpies
for indoor and ventilation air. These enthalpies were determined by
the respective wet-bulb temperatures from Table 6, p. 18, Guide 1938.
For a wet-bulb temperature of 72.8 deg. F. of the ventilation air the
enthalpy was 36.42 B.t.u. per lb., and for a wet-bulb temperature of
67.6 deg. F. indoors it was 31.99 B.t.u. per lb. The weight of air de-
livered by the ventilating fan, as determined by Pitot tube readings
was 1016 lb. per hr.
Sample calculation for 2:00 P.M., July 7, 1936:
H = 1016 (36.42 - 31.99) = 4500 B.t.u. per hr.
9. Item 8. Heat Given Off by Occupants.-The work of F. C.
Houghten* and others indicates that the heat loss from a sedentary
individual is approximately 400 B.t.u. per hr. The average occupancy
at the Research Residence was equivalent to approximately 4 people.
Hence the heat given off by occupants was 4 X 400 1600 B.t.u.
per hr.
10. Item 9. Heat Given Off by Electric Motors.-It was considered
that approximately 80 per cent of the heat equivalent of the electrical
input to the fan motor was absorbed by the air delivered through the
system. This electrical input was 440 watts. Hence the heat given off
by the motor was,
440 X 0.80 X 3.415 = 1200 B.t.u. per hr.
*"Heat and Moisture Losses from Men at Work and Application to Air Conditioning
Problems," by F. C. Houghten, W. W. Teague, W. E. Miller, and W. P. Yant. Trans.
A.S.H.V.E., Vol. 37, 1931, p. 544.
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11. Item 10. Heat Given Off by Electric Lights.-At 2:00 P.M. on
July 7, 1936 no lights were in use.
12. Summary.-The summation of all of the heat gains given in
items 1 to 10, inclusive, taking into account the negative value for
item 6, gave a total of 37 360 B.t.u. per hr. for the calculated cooling
load at 2:00 P.M., July 7, 1936.
APPENDIX B
LOCAL TEMPERATURES OF SURFACE AND GROUND
WATER IN THE UNITED STATES
The approximate temperatures of surface water and of ground
water in various localities in the United States are shown by Figs. 19
and 20. These maps were reproduced from a paper* entitled,
"Temperature of Water Available for Industrial Use in the United
States," by W. D. Collins.
In this paper the following summary was presented:
"The temperature of ground water available for industrial supplies
is generally from 2 to 3 deg. F. above the mean annual air temperature
if the water is between thirty and sixty feet below the surface of the
ground. At a depth of 10 feet the temperature may range from 10 deg.
F. above to 10 deg. F. below the mean annual temperature. An ap-
proximate average for the increase in temperature with depth is about
1 deg. F. for each 64 feet."
"The mean monthly temperature of a surface water at any place
is generally within a few degrees of the mean monthly air temperature
when the air temperature is above the freezing point. The maximum
water temperature in any of the warmer months is usually from 2 deg.
F. to 6 deg. F. higher than the mean monthly water temperature."
Further data on this subject are given in a paper entitled "Effect
of City Water and Sewerage Facilities on the Market for Air-Con-
ditioning Equipment," Market Research Series No. 16, Department of
Commerce, Bureau of Foreign and Domestic Commerce.
*Water-Supply Paper 520-F, U. S. Geological Survey, Dept. of the Interior, April, 1925.
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